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Polyurethanes are a class of materials which can be regarded as 
filling the gap between rubbery elastc:mers and rigid plastics Ianct=: 
../ 
metals. They can exhibit beth high elongation and resilience, while 
,.-- .--
retaining high modulus which make them unique for a wide variety of 
applications in which beth stiffness and extensibility is needed. 
It is now widely accepted that the diverse properties of these 
copolymers are attributed to the existence of a two phase 
microstructure. One phase is regarded as a glassy or hard segment, 
whereas the other phase is considered to be rubbery and to give soft 
segments. These different segments are known to have glass transition 
temperatures above roan temperature for the hard segments and below 
roan temperature for the soft segments. 
The ability to mix different soft segments together and thus control 
and vary the properties of the polyurethanes has always been 
considered important. Also it has been claimed by many researchers 
that polyether polyol blends composed of poly(oxypropylene) and 
pol y( oxytetrarnethylene ) could not produce good quali ty polyurethane 
polymers due to the basic incompatibility of the two polyol 
constituents which resulted in pcorer overall physical properties. 
Such blends are industrially desirable on economical grcunds. 
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The work embodied in this thesis is a fresh attempt to try and solve 
this problem. 
In this research programme new types of polyolS called polymer polyols 
were synthesised and compared with established industrial systems as 
follows: 
1. PPG 2025*: Polypropylene glycol of 2000 molecular weight. 
2. RP 1343*: 
PPG 2025/Polystyrene particles/Polyacrylonitrile particles 
80 10 10 (weight ratio) 
3. Terathane 2000: is pol ytetrahydrofuran fron Du Pont. 
4. 45B/722: Terathane 2000/Polystyrene/Polyacrylonitrile 
80 14 6 (weight ratio) 
5. 45B/725: Terathane 2000/Polystyrene/Polyacrylonitrile 
80 10 10 (weight ratio) 
The properties of the polyurethane elastaners synthesised fron a blend 
of PPG 2025 with Terathane 2000 and also that made fran a blend of RP 
1343 with Terathane 2000 were unexpectedly good for elastaners based 
on the diisocyanates H12MDI and MDI. 
* Identification numbers of BP Chemicals 
v 
This is considered a potentially important finding both industrially 
and commercially and has opened up new possibilities of utilising such 
polyol blends in various polyurethane systems. 
Additionally both 45B/722 and 45B/725 polymer polyols were found to 
also produce tough, elastic and resilient polyurethanes when aromatic 
MDI and aliphatic Hl2MDI diisocyanates were used. This indicates that 
good quality polyurethane elastaner formation is possible using these 
polyol blends. Also blending Terathane based polymer polyols· with PPG 
2025 has proved to be practical with sane enhancement of the original 
properties of the Terathane polymer polyol. 
The IT'Orphology and mechanical properties of the various polyurethanes 
prepared were explored. Parameters studied included soft segment 
canposition, hard segment length, bl=!< length with respect to polyol 
blend canposition and the amJunt of catalyst used. The bulk of this 
analysis was accanplished by using the techniques of DSC, DMl'A, IR, 
WAXS and stress-strain analysis. The foregoing techniques were the 
major focus of this study. Supplementary methods of examination 
included density, rebound resilience, tear strength, flex-cracking 
resistance, and compression set. The combination of all these 
analytical techniques enabled the development of a model to be 
proposed for these new polyurethane systems which relates their 
physical properties to the IT'Orphology of the particular polyurethane 
system. 
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CHAPTER ONE 
LITERATURE SURVEY 
1 
Polyurethanes have been considered as one of the fastest growing 
industries. 1hey refer to a group of materials which find a large area 
of applications at the present time due to the unique and wide ranging 
properties that can be obtained by manipulating the components 
I 
comprising the polymer. Polyurethanes are characterised by the 
presence of repeated urethane linkages which results fron the reaction 
_f.}(O __ 0,4, 
of diisocyanate and diols. It is also CCl11IIOI1. to include under this 
~-
generic name, materials containing in addition to the urethane 
linkage, urea group, which results from the reaction between 
diisocyanate and an amine group (see Figure 1.1). The different 
products that can be obtained fron polyurethanes are shcMn in Figure 
1.2, which also illustrates the molecular moJ:!lhology needed to produce 
various polymers such as foams, adhesives, fibres, thermoplastic and 
thermosetting and other elastaneric materials. 
The most recent application of polyurethane is in the medical field 
where polyurethanes proved to be the elastaner of choice for many 
implanted medical devices due to its toughness, biocanpatibili ty and 
durability which are not available in other POlymers2. 
Nowadays the successful growth of the polyurethane industry has 
expanded to oover other aspects relating to this industry, such as 
heal th, safety and environmental, professional and technical 
assistance, machinery and raw materials for the polyurethane industry 
itself. 
" ~ 
Ca) 
FIGURE 1.1: Groups Present in Polyurethane Elastaners 
a) Urethane link 
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FIGURE 1.2: structure-Property RelationshiPs in polyurethanes 
3 
1.2 BAO<GROOND OF THE POLYURElHlINE lNOOSTRY 
The real :impetus for the ccmnercial developnent of polyurethanes came 
fron the fruitful studies and products of the Germans, particularly 
those of Dr otto Bayer3 in the middle of the 1930s, who is considered 
the founder of the industry. His oo-=rl:ers and oollaborators were 
the key to taking urethanes out of the laboratory and making them 
=rk. The initial research was primarily concerned with solution and 
melt polymerisation processes utilising the reaction of diisocyanate 
with diol. 
Later research in the 1940s emphasised the preparation of polyurethane 
fron the oondensation of bischloroformate with diarnines. The only 
linear haropolyurethane that reached any ccmnercial acceptance was the 
polyurethane based on hexadiisocyanate and 1,4-butane diol 
o 0 
11 11 
~NH ~)6 NH (X)(~)4 OC1n" 
This material (called Igarnid for plastics and Perlon U for fibres) 
resembled nylon 66, but has a lower melting point (184oC). 
After the Second World War, large efforts were under way in the 
industrial countries, directed towards the development of 
copolyurethane materials, primarily for use such as in coating 
lacquers, adhesives, rubber, foams, as well as synthetic leather etc. 
In the late 1950s persistent work on polyurethane materials 
(especially rubber and foams) led to increased areas of application· 
in human life s:!mply because of the broad range of properties that 
4 
could be obtained by changing the starting materials in type and 
quantity. 
1.3 BASIC OIEMISTRY OF POLYUREml\NE 
Polyurethanes are prepared by the reaction of excess diisocyanate with 
long chain pclyols (pclyethers or pclyesters) to give prepclymers. 
These prepclymers contain active diisocyanate groups at the terminals 
of the chains, and these in turn can be further chain extended with 
low molecular weight diols or diamines to give the final pclyurethane. 
A linear pclyurethane can be obtained if the starting raw materials 
are difunctional, whilst higher functionality of the pclyol and the 
chain extender, or by using excess diisocyanate will lead to branching 
in the pclyurethane. 
Thus the manufacture of pclyurethane involves a greater degree of 
control of chemical reactions than most other pclymer manufacturing 
operations. The diisocyanate is the most impcrtant class of chemicals 
used in the manufacture of pclyurethanes, through the ability of the 
isocyanate group (-NCO) to react with any chemical canpound containing 
an active hydrogen, and with itself. 
The reaction of the isocyanate group in general takes place as 
follows: 
1. Reaction of isocyanate with active hydrogen containing canpounds 
2. Self-addition reactions 
3. Other reactions. 
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1.3.1 Reaction of Dlisocyanate 
1.3.1.1 Reaction of diisocyanate with hychogel containing carpounds 
The reactivity of the isocyanate group tcwards ccmpot.n'lds containing an 
active hycJro:Jen atan is very high, and the ca:r:i:Jon-nitrogen cbuble 1xlnd 
of the isocyanate group tmdergoes ionic ac:ldi tion reactions with a 
variety of functional groups each of which contains an active hydrogen 
such as alcoh:lls and amines. This is kocwn as addition polymerisation 
by rean-an:;ement of the IlOlecul.es4 • The relative reactivities of 
diisocyanates and active hydrogen cc:mpounds sl1c:>wn in Table 1.1 can be 
used for quick classification of the different reactants used in the 
production of urethanes or polyurethane-urea elastaners. 
TABLE 1.1: Relative Reactivities of Diisocyanates and Active Hydrogen 
Canpounds 
I. Diisocyanates 
/\ 02N~ NCO > 
High activity -------------~~ Low activity 
II . Active Hydrogen Ccmpounds 
R-NH2 > \1~-NH2 > R-DH > H20 > r>'-OH 
=/ \L . .f/ 
:> RSH > R-NH.CO.mr-a' > :l-NH.CO.O-R' 
High activity ----~> Lolol activity 
The following equations are the addition reactions of isocyanate with 
reactive hydrogen canpounds: 
i) Reaction with Alcohols 
R-NOO + R'-OH + R-NHOO.OR ' urethane 
This is the basic reaction in the formation of polyurethane 
polymers. 'l11e reactivity of the various alcohols with isocyanate 
are different, i.e. primary alcohols are more reactive with 
isocyanate than se=ndary and this in turn is more reactive than 
tertiary alcohols. 
ii) Reaction with Amines 
R-NOO + R' -NH2 ->- R.NHOO.NHR ' Urea 
This reaction gives rise to a substituted urea. Amines on the 
whole are rrore reactive with isocyanate than alcohols. Different 
types of amines with different basicities can give quite a wide 
spectrum of reactivities. 
iii) Reaction with Water 
->-
->-
R-~ + R-NOO ->- R.NH.OO.NH.R 
Amine 
Substituted urea 
'l11e intermediate fonned [carbamic acid] breaks down with the 
formation of 002 gas and the corresponding amines which react 
with rrore isocyanate to give symnetrically substituted urea. This 
reaction is the basis for the production of flexible foams and 
moisture cure coatings. 
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i v) Reaction with Carboxylic Acids 
R-NCO + R'-COOH + R-NH.CO.O.CO.R' 
R-NH.CO.O.CO.R' + R.NH.CO.R' 4- C02 
The reaction pr=eeds rapidly depending on the acid strength with 
the fonnation of an unstable intermediate (mixed acid anhydride) 
which deccmposes on heating to produce an amide and c:oz gas. 
c 
v) Reaction with Phenol&2 
~, 
'~. 
R-NCO + C6H50H + R-NH.CO.O.C6H5 
Catalyst is usually used to give good yields; acids or bases can 
be effective catalysts5. 
vi) Reaction with Amides 
R.NCO + R' .NHCO.NH.R' + 
o 
\ 11 \ 
R-N-C-R 
I 
C-N-R 
11 1 
OH 
Acyl urea 
The reactivity of the reaction is slow canpared to the above 
mentioned reactions of Sections i-v which involve active hydrogen 
atans 
8 
------------------------ -- -----------------
vii) Reaction with Urea and Urethane 
o 
11 
R-NH-CD.NH.R' + OCN-R" -7 R-7-C-NH.R' 
Urea + lsocyanate 
HO 
I 11 
-7 
R-N-C-O-R' + OCN-R" -7 
O=C 
1 
H-N-R" 
Biuret 
o 
11 
R-N-C-O-R' 
I 
C-N-H" 
11 I 
OH 
Urethane + lsocyanate + Allophanate 
lsocyanates under suitable reaction conditions will react with 
urea to fonn biuret and with urethane to fonn allophanate. 
These reactions p=eed with nore difficulty than the fonnation of 
urea and urethane because of the lower reactivity of the active 
hydrogen in ureas and urethanes. Also these reactions require either a 
catalyst or a higher temperature if a reasonable rate of reaction is 
to be attained. The biuret and allophanate reactions provide a means 
of branching in polyurethanes, which has an important effect on 
polyurethane properties in many instances. 
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1.3.1.2 Self-Addition Reactions 
lsocyanate self-addition reactions proceed under certain catalytic 
conditions as follows: 
i) Linear polymerisation 
nR-NCD + 
R 
I 
-(N-CD)-n 
This reaction only takes place at low temperature (-20 to -
lOOoC) and with a special catalyst6• 
ii ) Fonnation of carbodiimide 
2R-NCD + R-N=C=N-R + CD21 
Condensation of an isocyanate produces a carbodiimide with the 
splitting of CD2 • A special catalyst can be used [phospholene 
oxide] to substitute the heat necessary for the degradation 
reaction of isocyanate. 
Carbodiimides are also used as anti-hydrolysis additives in 
polyester based urethanes7 • 
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iii) Diroerization 
o 
11 
Pyridine C 
-== ..... =:: / "-R-Nro + OCN-R....... R-N, /N-R 
C 
11 
o 
In the presence of pyridine, triethylamine, and canplex metal 
alkoxides, dimerization leads to the formation of a uretidione 
ringS. 
i v) Trimerization 
catalyst 
3 RNro 
( strong bases) 
o 
11 
....-C, 
OCNRN NRNCO 
I I 
O~ C~O 
" ....-(Jb 
RNCO 
Is=yanurate 
The reaction occurs on heating the is=yanate in the presence of 
a basic catalyst or sodium methcxide or a strong organic base 
giving rise to isocyanurate rings which are stable to both 
thermal and hydrolytic attack. Recent work9 has shown that 
is=yanates can also trimerize at roan temperature with the use 
of a catalyst such as a saturated solution of an organic salt in 
N,N-dimethyl formamide. 
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1.3.1.3 other reactions 
There are sane other reactions in which the diisocyanate can take 
part, although the earlier mentioned reactions are the rrost :iIrp:lrtant 
reactions that one can meet in the polyurethane industry. These 
reactions are as follCM.3: 
i) Reaction with S-H group 
2R-NCO + HzS .... R-NH-CO.NH.R + COS 
H) Reaction with Grignard reagent 
/1 
," -...... l '---.. 
(~O) 
RNCO + R'MJX~/R-NH-CO.R' 
Amide 
Hi) Reaction with halogens 
12 
1.4 INTERMEDIATES m POLYURElllANE SYN'IHESIS 
The synthesis of polyurethanes depends on the reaction of diis=yanate 
aranatic or aliphatic) with diols (polyethers, polyesters, or hydroxy 
terminated canpounds) to form prepolymers and these in turn are chain 
extended with low molecular weight diols or diamines to give the 
urethane or urea links. Therefore it is advantageous to outline the 
basic raw materials used in the preparation of polyurethane polymers. 
1.4.1 Diisocyanate 
Diisocyanate used in the synthesis of polyurethanes are either 
. aranatic or aliphatic in nature. The aliphatic class are less reactive 
than the arcmatic, but they have the advantage of giving light stable 
products when exposed to uv radiation or air. One aliphatic 
diisocyanate of commercial interest is 4,4-dicyclohexylmethane 
t ' diis=yanate (Hli'IDI) and another one, \ "'hexamethylene diis=yanate 
(HDI) • 
The most common aromatic diisocyanates still in use are toluene 
t-·-~-------·-'-·---·-
diis=yanate (TDI) and diphenyl-methane diis=yanate (MDI). TDI is 
used as a mixture of isaners of types 2,6- and 2,4-TDI in the ratio of 
80:20 or 65:35 and is largely used in the production of flexible 
foams. For a rigid foam production, MDI is the usual diis=yanate of 
choice. At the present time, there is a great trend to use MDI instead 
of TDI wherever this is possible as a result of more strict safety 
\,to.\\'-' n~1-cv4(T"-" 
regulations as MDI is less volatile, and therefore le~~ in use. 
Another aromati~_d~~~ate which has found a wide use in the 7 
coating industry is isophorOOe diis=yanate (IPDI), and this is widely 
.... -.~---.--,------'~--
used in the production of transparent films and moisture curing 
sealants. As the applications of polyurethanes have expanded to cover 
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new areas, the need for newer raw materials became important. Akzo 
ChernielO has produced two new diisocyanates and they are p-phenylene 
diisocyanate (PPOI ) , and trans-1, 4-cyclohexane diisocyanate ( OIDI ) , 
under the trade names of Elate 160 and Elate 166 respectively. They 
are characterised by producing thermally stable polyurethanes with 
temperature resistance of up to 260°C with the isocyanurate 
crosslinking procedurell . 
The American Cyanamid Company12 has produced in latter years 
hydrogenated xylene diisocyanate and meta and para tetramethylxylene 
diisocyanate (m and p-'IMXDI) and these can also be used to produce 
transparent products. 
other diisocyanates cannercially available as well as those described 
above are shown with their structural formulae in Figure 1.3. 
Diisocyanates can be made in several ways which have been covered in a 
number of reviews and textbooks dealing with polyurethanes4- 7. 
The diisocyanates can represent a serious toxic hazard in use. They 
have a marked effect on the respiratoIY system and the skin. Care is 
therefore very necessary during their handling and use to prevent arq 
damage to health. 
1.4.2 Po1yo1s 
They are intennediate rrolecular weight polymers carrying hydroxyl 
groups with which the diisocyanate reacts initially and can be simply 
represented by linear hydroxy terminated aliphatic alcohols such as 
the polyethers and/or polyesters. 
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· CH, 
yNCO 
CH, OCNONCO 
2,6- Toluene diisocyaoste 
(TOI) NCO 
2.4-Toluene 
diisocyanate 
NCO--< )-CH'--< )-NCO 
NCO';; yCH, 
NCO 
OCN--< )-NCO 
H,C 
)(l-N=C=O 
HJC Y 
H,C CH,-N=C=O 
TDI 
Toluene diisocyanate* 
~illI 
4.4~Diphenylmethane diisocyanate 
NDI 
1,5-Naphthalene diisocyanate 
XDI 
4.6-Xylylene diisocyanate 
PPDI 
para-Phenylene diisocyanate 
IPDI 
3-Isocyanatomethyl 3.5,5-t rimethyl-
cyclohexYl isocyanate. 
(isophorone diisocyanate) 
Fig.l.3.Diisocyanates Used ~n Polyurethane Synthesis. 
Fig.l.3.Continued 
m-TMXDI 
NCO 
I 
'"@'"' 
I 
CHo-C- CH3 
- I 
NCO 
p-TMXDI 
OCND-CH,V"lCO 
,~ .. CO OCN~ 
Cow~ercialy available in iso~~ric mixtures. 
m-TMXDI 
Meta-Tetramethyl x~lenediisocyanate 
p-TMXDI 
Para-Tetramethyl ~ylenediisocyanate 
HDI 
1,6-Hexamethylene diisocyanate 
Hl2~!IJI 
, -4,4-Dlcyclohexylmethane diisocyanate* 
CHDI 
Cyclohexyl diisocyanate 
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'Ihe properties of polyurethanes are highly dependent on the m::>lecular 
weight, structure and type of these polyols. As the m::>lecular weight 
of the polyol increases, a resultant reduction in reinforcement is 
expected due to the decrease in rigidity of the polymer chain and also 
an increase in resilience, due to better elasticity. 
Pendant groups on the backbone of the pol yethers or polyesters can 
lead to reduced mechanical properties. Linear diols produce linear 
chains, and highly branched polyols produce crosslinked polymer 
matrices. The polyester based polyurethanes are known to have 
superior heat, oxidation, and oil resistance to polyethers, while the 
latter are inherently more hydrolytically stable and have better 
resistance to microbes and fungi environments. 
A number of special polyol types have also been presented and will row 
be described. union Carbide13,14 has developed polymeric polyolS, 
made by in situ grafting of a vinyl rroncmer to give a dispersion of 
the polymeric portion in the liquid ·polyol. 'Ihe two main benefits 
derived fron the use of such graft polyols are improved processing and 
enhancement of m::>dulus. 
t-bba;5,16 developed a m::>dified polyol based on a relatively stable 
dispersion of a polyurea in a polyether polyol. In this the polyurea 
chains are chemically attached to the polyol chain. 'Ihe dispersed 
phase apparently acts as a filler which increases the stiffness and 
strength of the resulting polymer. The polyureas are fonned by the 
reaction of organic polyisocyanates with polyamines in the hydroxyl 
group-containing material, as sJ1a.Jn below 
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Polyether 
o 0 
n(OCN-R-NCO)+ nB2N-R'-NH2 -f-RNH II " -----+, C NHR'NH C NH-+n 
Polyol 
Conventional polyether polyol can nowadays be replaced by a new 
intermediate called polyether polyamines, which are amine terminated 
instead of hydroxyl terminated. The reactivity of these materials with 
isocyanate is much higher than that of the corresponding hydroxy 
terminated polyethers. Therefore in the RIM process, no catalyst is 
r--
required to prarote the reaction between the polyether polyamine and 
the isocyanate. Since no catalyst is present to induce deccmposition 
at high temperatures, an even rrore heat stable elastaner resul tsl7 . 
The high reactivity of the polyether polyamines canbined with the 
absence of catalyst enables an internal IIOUld release agent to be \ 
incorporated into the liquid reactants, resulting in short demould 
times and excellent green strength. Another advantage of these 
materials is their improved water resistancel8 . 
The commercial use of these polyether polyamines is now well 
established and gn:Ming fast. Texaco Olemical ~9,20 was the 
leading one in the developnent of this technology and market these 
terminated polyether resins under the JEFFAMINE product label. 
It is strongly believed now that the polyurea formulation which 
comprises the aromatic diamine as chain extender (DETDA) * and 
polyether polyamine will be the third generation in RIM systems2l (see 
Table 1.2). 
* DETDA - Diethanol Toluene Diamine 
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TABLE 1.2: Evaluation of Polyurethane RIM Systems 
Generation 
1 
2 
3 
Hard Block 
lsocyanate/glycol 
lsocyanate/DETDA 
lsocyanate/ aranatic diarnine 
1.4.2.1 Polyesters 
Soft Block 
Polyether polyol 
Polyether polyol 
Polyether polyamine 
Due to their versatility of use, new foDllS of polyesters have been 
constantly developed for the chemistIy of polyurethanes in recent 
-years, especially for elastaners, coatings and fibres. 
o 
/I 
The ester group -C-O- is the most active part of the polyester 
macrarolecule and as a consequence of its own polarity, it can readily 
interact with other polar substances such as water, acids and esters. 
As a result of this interaction, hydrolysis, aciClolysis, esteroylsis 
and like reactions take place, which lead to the rupture of the ester 
linkage and the destruction of the polyester macrarolecule. 
Polyesters such as polytetra-methylene adipate, PIMA, are prepared by 
the polycondensation of adibasic acid and glycol. Failure to maintain 
exact stoichianetIy prevents attainment of high molecular weight, but 
is cirClDllVented by having the glycol present in excess to increase the 
esterification rate. Once the desired molecular weight of the 
polyester is achieved, the excess glycol and the by-product water is 
gradually renoved by vacuum22 • 
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(n+l)(HO-R-OH) + n 
o 0 
11 11 
o 
1\ 
[ C -
I 
OH 
o 
I 11 
R - T 1 
OH 
HO+R-C-R' -C-O~ R-OH + 2n H20 
If dibasic acids are reacted with trihydric alcohol, then crosslinking 
between the polyester chains takes place. 
A second group of .linportant polyesters is prepared by the ring opening 
polymerisation of a lactone such as f -caprolactone in the presence of 
The alcohol acts as a chain reaction initiato~3. Sane polyesters 
have the tendency to crystallise and produce cold hardening in ( 
~------.--- ~~-.. -----
polyurethane elastomers, and this can be aVOided by the use of 
copolyesters which possess structural i=egularity or by blending a 
linear polyester with one containing bulky side-groups e.g. 
polypropylene glycol. 
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The stnlcture of the polyester has a large influence on the final 
polyurethane products. If polyesters with regular 1lO1ecular structure 
and higher polar groups are used, the resulting polyurethanes will be 
llOre rigid and possess higher strength, while ester groups separated 
by long polymethylene chains are generally llOre heat resistant than if 
they are close together. 
1.4.2.2 Polyethers 
Polyethers of industrial importance are obtained by the ring opening 
polymerisation of ethylene oxide, propylene oxide or tetrahydrofuran. 
n C!:l:2 - ~ Catalyst, H-[ -OCCHzCHz»- J-n OH 
'-'/ 
o 
The catalyst used can have a large effect on the properties of the 
polyethers formed, since different grades of polyethers can be 
obtained for different uses. If the catalyst used is water or a 
dihydric glycol then linear polyethers are obtained, whereas if 
polyhydric alcoools such as glycerol, trilnethylol propane etc are used 
as initiator, then branched polyethers are obtained. 
The 1lO1ecular weight of polyethers are controlled by controlling the 
proportion of alkylene oxide used relative to the polyalcohol 
initiator. Polyet!1ers are nruch less viscous than polyesters, thus a 
typical polyether may have a viscosity of 2-3 poises at room 
temperature, against 300-1000 poises for the corresponding 
polyeste~3 . 
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gives elastaners having the mmdmurn physical properties cx::mpared to 
the other polyethers, due to the regularity of its chain structure and 
its ability to crystallise upon extension7 • In general polyether 
glycols are light coloured viscous liquids. They are non-volatile and 
soluble in ccmran organic solvents. 
1.4.2.3 Polymer Polyols 
Polymer polyols and grafted polyols, are terms which describe a class 
of a new intermediate for the POlyurethane industry. They are a stable 
dispersion of vinyl polymers of particle size of 0.5-1.5 microns in 
polyolS. The particles are stabilised by the use of non-aqueous 
dispersants. 
Polymer polyols are made by the in situ polymerisation of vinyl 
m:mcmers such as acrylonitrile, styrene and methyl methacrylate, in a 
polyol base to give a stable dispersion of the vinyl polymeric portion 
in the liquid polyol. Polymer polyols are reported as capable of 
conveying superior impact properties to urethanes. Lidy et al ~4 found 
that the stabilisers used contained a reactive bond, susceptible to 
grafting and that this is not necessarily a double bond. 
Increasing the stabiliser concentration is accompanied by both 
increasing the viscosity of the polymer polyol and a reduction in the 
particle size of the dispersed copolymer. The viscosity of the high 
solid polymer polyolS can be controlled by the addition of a so called 
reaction modifier. Its mode of action is by rendering the surface of 
the polymer, which is mainly a styrene-acrylonitrile copolymer rrore 
srrooth and spherical. 
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The acrylonitrile due to its grafting tendency provides a very 
important linkage between the vinyl polymer chain and the polyol 
chain. This grafting yields the stabiliser necessary to produce a 
stable dispersion25 . Styrene does not have the ability to graft onto 
the polyether chain. Increasing the level of styrene at the expense 
of the acrylonitrile causes the fonnation of fewer grafted species, 
which in turn reduces dispersion stability and may lead to 
coagulation. On the other hand increasing the s~ content will ( 
reduce the discoloration and improve flame retardabili ty of foams made 
-~ .. -' 
fron this dispersion26 • 
Polyurethanes based on polymer polyols are distinguished by a general 
improvement in the mechanical properties and the maintenance of these 
properties enabling materials of either lower densities or a reduced 
proportion of diisocyanate to be made, such materials, of course, have 
lower costs. 
1.4.3 Olain Extender 
Olai.n extension agents are usually 1= molecular weight glycolS or 
\ diamines, e. g . 1, 4-butane diol, or 3, 3-dich1oro-4, 4 '-diamino phenyl-
methane, commonly called MOCA, which is suspected of being 
carcinogenic, but is still sanetimes used in formulations on account 
of the outstanding mechanical properties confe=ed. 
The difunctional chain extender reacts with the free diisocyanate in 
the prepolymer to yield a rigid segment which is joined together with 
the flexible polyol segment. Of note is the special fact that 1= 
molecular weight glycols can give polyurethanes hard segments; also 
the use of diamine extended materials will result in polyurea segments 
which possess high hydrogen bonded interaction and the elastaners 
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produced from the diamines have better mechanical properties and 
higher hardnesses. Examples of sane ccmron chain extenders are sh:!wn 
in Figure 1.4. Sane carments on the newer industrial materials are 
now made. 
In his researches to lOCldify the diamine =ative systems Voelker et 
al?7 evaluated M-CDEA (4,4'-methylene-bis-(3-chloro-2,6-diethyl 
aniline) as a new class of diamine chain extenders for cast 
polyurethane elastaners. This diamine had the advantage of producing 
polyurethanes of high hardness and ITOdulus, and with the additional 
ability of forming transparent products. The Ethyl Corporation28 in 
1986, announced the production of a new diamine chain extender called 
Etha=e 300 whose major constituent was the 2,4-diamino iscmer and 
minor constituent the 2,6-diamino iscmer (see Figure 1.4). It is 
believed that this chain extender can be used over a wide range of 
processing conditions with the ability to produce elastaners with 
improved heat stability. Figure 1.4 shows the structure of the chain 
extenders nowadays in c::amon use. 
1.4.4 catalysts 
The use of catalysts in polyurethane fonnation is very c::amon as they 
enable the rate of one reaction to be controlled relative to another 
reaction in a ocmplex system possessing various reactants of different 
activities. In polyurethane syntheSiS, the acceleration of the chain 
propagation, chain extension and crosslinking reactions are known to 
have a vital effect on the properties of the final polymer. 
catalysts can be divided into acidic catalysts, base catalysts and 
organanetallic catalysts. The acid catalyst usually has a retarding 
effect on crosslinking, while accelerating the chain extension rate by 
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He-CH -CH -CH -CH' -OH 2 2 2 2 
HO-CH -CH -CH -CH -CH -CH -OH 2 2 2 2 2 2 
~~OH 
CH" -CH -~. CH OH 
321 2 
CH OH 
Cl Cl 
l,4-BD 
l,4-Butane diol 
l,6-HD 
l,6-Hexane diol 
TMP 
Trimethylol propane 
HQEE 
Hydro~uinone-bis-hydroxyethyl ether 
EDA 
Ethytene diamine 
H,N-( l-CH2-{ )-NH, MOCA 3.3' -Dichloro-4,4' -diami nodi pnenylmethane 
CH" 
" /. 
NH2 
2 
CH" 
NH2 H2N NH::! 
'-.: 
+ 
SCH.:! H.:!CS /. SCE.:! 
DETDA 
3,5-Diethyl toluene 
2,4 +2,6-diamine 
/-!-CDEA 
4 ,4-,!ethylene-bis-( 3-chloro-2 ,6-
diethyl aniHne) 
j \\ 
f/' Ethacure 300. 
Di(methylthio)-2,4-Toluene diamine 
Di(methylthio)-2,6-Toluene diamine 
Fig.l.4. Diol and Diamine Chain Extenders Gsed in Polyurethane Synthesis. 
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a little amount. An additional use for acid halides e.g. p-
ni trobenzoyl chloride or benzoyl chloride is their application as 
shelf-life stabilisers for polyurethane prepolymers. 
Basic catalysts will accelerate all isocyanate reactions and in 
general their catalytic effect increases with increasing strength of 
the base. 'Ihe rrost widely used base catalyst is triethylene diamine X 
canronly named [DABCD]. 'Ihe efficiency of tertiary amine catalysts 
depends upon their chemical structure, for example reactivity 
generally increases as the basicity of the amine increases and the 
steric shielding of the amino nitrogen decreases. The disadvantage of 
tertiary amines is their strong irritating effect on the skin. 
( -\ 
In the last few years a number of other tertiary amines have been -> 
successfully developed for special applications. The Tosoh 
Corporation29 has succeeded in producing catalysts for the production 
of high resilient (HR) foam, such as Toyocat-NS1, Toyocat-SPF and 
Toyocat-SPF2. 'Ihese systems are said to improve the rrouldabili ty and 
overall physical properties of foams. 
Texaco30 has developed a new class of tertiary amines, these catalysts 
S 
are 2-~Obi(YCIO[2. 2.1 ]heptane derivatives. 'Iheir physical properties 
and catalytic activities can be widely varied and adjusted to 
different end use requirements. 
The organanetallic ccmpounds used as catalysts are generally based 
upon mercury, lead or tin carboxylates. They catalyse the diisocyanate 
reaction with OH groups. In certain applications where very fast 
reaction rates are desired (e.g. RIM), it is CC11ID:ln practice to use a 
canbination of tertiary amines and organcmetallic catalysts. These 
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canbinations show a synergistic effect as seen in Table 1.331 All 
organanetallic catalysts suffer frcm the drawback of toxicity and 
therefore in some instances cause concern with respect to their 
handling and disposal. Cosen Chemical Corporation32 has developed 
OOSCAT 83 which is an organobismuth catalyst as an alternative to the 
systems of orga['lcmercury, organolead and organotin conpounds. CXlSCAT 
83 has been said to provide lower toxicity, with better performance in 
high temperature and high humidity end use applications. 
TABLE 1.3: Relative Reactivity of Catalyst in Is=yanate-Hydroxyl 
Reaction 
Catalyst Concentration % 
Uncata1ysed 
DABCXl 0.1 
DABCXl 0.2 
DABCXl 0.3 
DBTDL 0.1 
DBTDL 0.5 
DABCXl+DBTDL 0.2 + 0.1 
't. 
DABCO = 1,4-Diazabiscyclo[2,2,2]Octane 
DBTDL = Dibuty1 tindi1aurate 
Order of Reactivity 
1 
130 
260 
330 
210 
670 
1600 
,,/' O-CXl( Cl:!2) 10-CH:3 
Sn 
/' "'" C4Hg o-CO-(Cl:!2)1O-OJ3 
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1.5 SYN'ffiESIS OF POLYUREl'HANES 
The procedures implemented in the manufacture of polyurethane 
elastaners depends largely on the properties required and the process 
economics. Foams are most likely to be prepared by one shot 
techniques, while adhesives are usually prepared by the one-shot or 
quasi-prep::llyrner methods. The effect of the p::llyrnerisation method 
(one- or two-stage) on the morphology and properties of specific 
p::llyether and p::llyester based p::llyurethanes were studied by Abouzahr33 
et al. They concluded that the p::llyrnerisation technique was sanewhat 
rrore influential on properties when the soft segment was a p::llyester 
than when it was a p::llyether. In the case of p::llyester, a one stage 
process yields materials with sanewhat poorer physical properties than 
for a two stage technique. This decrease in properties is attributed 
to a higher soft-hard-segment interaction and to a higher mutual 
solubility of the segments that is brought about by a p::lssible broader 
rrolecular weight distribution of hard segment produced in a one-stage 
reaction. In the case of p::llyether soft segments, any effect of the 
polymerisation method appears to be largely offset by the higher 
incanpatibility of the hard and soft canponents. 
Factors which in general affect chemical reactions also play a part 
here e. g. temperature, time, rate of mixing, and arrount and type of 
catalyst used. The techniques used can be classified as either the 
prepolymer method, quasi method and one shot method. Figure 1.5 
represents a block diagram of the methods usually adopted in 
p::llyurethane synthesiS. 
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I DIISOCY ANA lE I 
DIISOCYANA lE 
UASI-PREPOL 
I POLYOL I 
I CHAIN EX1ENDER I 
Polyurethane 
(Final Product) 
(a) 
POLYOL 
POLYOL PART B 
Polyurethane 
(Final Product) 
(b) 
Polyurethane 
(Final PrOduct) 
(c) 
r 
Fig. 1.5. Polyurethane Synthesis by : 
(a) Prepolymer method 
(b) Quasi-method 
(c) One shot method 
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CHAIN EXTENDER 
1.5.1 Prepolyner Method 
This is considered the llOst popular technique used in the manufacture 
of polyurethane elastaners on a large scale. The properties of the 
finished products are better than the properties obtained by the other 
two meth::Jds , mainly due to the good handling of the raw materials 
accanpanied by a high degree of process control. By this method the 
polyurethane is formed in two separate steps, initially the 
diisocyanate and the polyol are reacted to form a prepolymer with an 
isocyanate capped at both ends. This intermediate is considered the 
basis of the final polyurethane. 
The second step is the conversion of the prepolymer into the final 
high 1lO1ecular weight polyurethane by reacting it with low 1lO1ecular 
weight diol or diamine chain extenders. The formation of the 
prepolymer and the chain extension reactions are represented in Figure 
1.6. 
1.5.2 Quasi-Prepolyner 
In this method the whole diisocyanate is reacted with part of the 
polyol in the first step. The second step involves the reaction of the 
product from the first step with the remaining polyol and chain 
extender. 
1.5.3 One Shot Method 
This is considered the basis of the RIM process. It is also used in 
rrost foaming operations. Stoichianetric arrounts of the involved raw 
materials (polyol, diisocyanate, and chain extender) with or without 
catalyst are mixed together and allowed to react with each other, 
therefore the resulting copolymer is expected have a randan structure 
since there is no control over the reaction priority (see Fig. 1.7). 
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l,Frepolymer Formation 
HO-A-OH + 
Linea~I~~r;eriC 1 DII;nCtiOnal diisocyanate 
NCO-R.-NHC-O-A-O-CNH-R,-NCO 
2.Chain Extens~on Reaction P,'poiymcr 
RO"'te I. Oihydne JiycoJ 
Urethane Urethane 
r ~ I ,/ ~ f\ / ~ \, ,~\ 1 
-!:-O-A-9-CN H -R,- N H -C-\-O-R,-O-C-NH- R ,-NH-Cf;:-d-
Soft , , 
I _---------- Hard ~g:'!1ent segment 
Isocyanate Diamtne 
RClllt: IlIoe'l iC'i~lnc 
,r,i'~ UICrl~er HlS- R)-SHI 
nUCleus segment 1 
Urethane i Urea segment : 
r ! ~ \ 1 i f~ i 1 ~ ~) 1 
{O-A-O-C-NH-R,-NH-\'c-NH-R,-NH-C-l"H-R,-l"H'-Ch=.} 
I , 
, , , 
Soft I I 
I I Hard segment I 
segment 
Fig.1,6. A typical Reaction Involved in the Prepolymer Method. 
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Diol chain extension 
Structure 
repeating 
unit 
or 
HO-A-OH + OCN-R,-OCN + HO-R,-OH 
Linear polyester or 
polyether diol 
Diisocyanate 
1 
Low molecular ..... eight 
diol 
1 I Isocyanate : Low molecular o 0 10 : : 0: we!ght : 11 11 11:: 11: dlOi : ) -NH-R,-NH-C-O-A-O C-NH-R,-NH-C-O-R,-O" 
r : Polyester: Urethane : : Urethane : -I or I I I I , h' , ,polyet er I I f I j '11 
I Flexible I Rigid segment 
: segment: 
Diamine chain extension 
Repeating 
unit 
HO-A-OH + OCN-R,-NCO + H,N-R3-NH, 
1 
o 0 ~O 0 1 11 11 11 . 11 
C-NH-R,-NH-C-O-A-O C-NH-R,-NH-C-NH-R3-NH" 
I I I I 
, , , 
, , , 
I Flexible I i j Urea I, 
~ segment : I Rigid segment " 
Fig. I. 7. A typical Reaction Involved in the One Shot Method. 
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1.6 CLlISSIFlCATION OF POLYURE'lHl\NES 
Polyurethane elastomers presently exist in three basic groups 
classified on the basis of their processing characteristics and 
identified as liquid, millable and thenroplastic elastaners. '!heir 
basic chemical building blocks are identical. 
1.6.1 Castable Polyurethane 
This is considered as the largest class in the manufacture of 
polyurethane elastomers, due to its simplicity and low capital 
irwestrnent. 
Castable polyurethanes can be selectively engineered to have very 
different properties to meet the demand and the specification 
required with the ability to produce small and large articles. In this 
technique, the raw materialS which are in the liquid state are poured 
into the rrould in such a way that air is not allowed to be entrapped 
into the final product. 
Castable polyurethanes have found successfuL applications as solid 
tyres for individual vehicles, rollers, pulleys, bearings and gear 
wheels, due to their excellent abrasion and oil resistance. 34 
Their hardnesses can cover the range of <10 to >95 IRHD and hence they 
are a unique class of polymeric materials in this respect. 
1.6.2 Thermoplastic Polyurethanes 
They canbine the property level of high quality polyurethanes with the 
economic processing of thermoplastic materials. Due to this 
canbination manifold possibilities are offered as for example in the 
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footwear and autarotive industries as well as in the manufacture of 
cables35 . 
The interaction of hard and soft segments assures high wear resistance 
and elasticity of the product as well as good resistance against oils, 
greases and many solvents. Without the addition of plasticisers 
products are obtained in the Soore hardness range between 75A and 700; 
this means that the whole range between rubber and therm:Jplastics can 
be covered by thernoplastiC polyurethanes. 36 
Thermoplastic polyurethanes can be either linear or slightly 
crosslinked urethane block oopolymers, prepared by the prepolymer 
route by the addition reaction between aliphatic difunctional polyolS, 
diisocyanate and diols. 
The linear thenroplastic polyurethanes have = crosslinks before and 
after processing, hence they are soluble in many organic solvents such 
as dimethyl formamide (DMF). Thermoplastic polyurethanes are 
characterised as having an elastomeric nature at ordinary 
temperatures, but at elevated temperatures they can be processed by a 
melt processing technique such as injection 1T'OUlding or exb:usion, 
which are characteristic of plastiC materials. 
Special features can be imparted by blending thermoplastic 
polyurethanes with other polymers. A team frcm Dc:M Chemicals, USA 37 
has blended polyurethanes with ASS and have found improved stiffness 
and processability while retaining the excellent abrasion and chemical 
resistance and toughness of the polyurethane. They ccncluded that the 
blend of polyurethane with ASS retains sane of the best features of 
each canponent. 
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1.6.3 Millable PU Elastaners 
They are processed in a similar manner to conventional dry rubber 
using two roll mill~J internal mixing, extrusion, etc. 
The millable polyurethanes are prepared by the prepolymer route with a 
slight excess of hydroxyl group at the end of the backbone to make it 
stable in storage. 
The prepolymer of this type is weak in physical properties and hence 
crosSlinking should be accanplished to build up a branching and a 
three dimensional structure to increase its strength. The crosslinking 
can be achieved by the addition of sulphur, peroxide, or excess 
isocyanate. 
Reinforcing fillers such as carbon black, clay, whitings, etc, and 
special plasticisers, flame retardants can be added on the mill, thus 
greatly widening their application. Such mill able urethane elastaners 
cover the hardness range 30 to 90 IRHD. 
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CHAPTER TWO 
STRUCTURE·PROPERTY RELATIONSHIP 
2.1 INTROru::TION 
Polyurethanes are regarded as block copolymers consisting of 
alternating flexible and rigid segments often possessing a ~ phase 
Il'Orphology, resulting fron the incx:mpatibili ty of those segments. The 
flexible segments are usually POlyethers = polyesters with glass 
transition temperatures below room temperature, which gives the 
material its extensibility. The hard segment is known to result fron 
the presence of diis=yanate molecules which are canl:Jined with a low 
molecular weight diol, triol, or diarnine, thus producing a polymer 
containing urethane and/or urea groups. 
Incanpatibili ty between dissimilar segments leads to phase separation 
and to the formation of hard and soft dcmains. The character of the 
reSUlting polymer is determined to a large extent by the relative 
amounts of these hard and soft segments and the nature of the dcmains 
they form. Linkages between urethane, ester and urea groups are polar 
in nature and they are thus able to form hydrogen bonding 
interactions, which has a great influence on the properties of the 
final polyurethane products. An assessment of the energies of 
interaction between sane canron groups found in the pol yrner are listed 
in Table 2.1, where the high ooheSi~ energy of urethane and urea 
groups can be observed. 
The hydrogen-bonding and dipole-dipole interaction between hard 
segments containing many urethane groups can be great enough to 
provide a pseudo cross linked network structure between linear 
polyurethane chains, so that the polymer has the physical 
characteristics and mechanical behaviour at rcx:rn temperature of a 
covalently crosslinked ne~rk. The hard segment in a polyurethane 
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TABLE 2.1: Molar swesive Energies for ColTDllon Groups in Urethane 
Systems 
Chemical Group 
Methylene 
Oxygen (ether) 
Ketone 
carboxyl (ester) 
o,p,m phenyl 
Urea 
Urethane 
-OfT 
-0-
0 
11 
-C-
0 
11 
-C-
-C6H4-
-C-N-
11 I 
OH 
OH 
11 I 
-o-C-N-
Cohesion En~ 
kJ.IlDle-l 
2.9 
4.2 
11.12 
12.1 
22.6 
35.5 
36.5 
affects the modulus, hardness and tear strength, and defines the 
maximum temperature at which the material can be used safely, whereas 
the flexible segments define the elastic nature of the product and its 
low temperature performance. The dcmain IlDrphology is susceptible to 
thermal treatment; for example, Wilkes and Emerson38 have 
dem:mstrated that considerable phase mixing in segmented polyurethanes 
takes place at 160°C. However, upon cooling phase separation occurs 
gradually until the original domain structure is restored. This 
thermally reversible pr=ess can be studied kinetically by DSC and 
SAXS39 • Crosslinking in polyurethanes can also be achieved by various 
other methods and will be dealt with later in this chapter. 
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2.2 M:lRPHOLOGY OF Sm1ENI'ED POLYURElllANES 
Great attention has been paid to understand and elucidate the 
rro:rphology, dcrnain interaction, and structure-property relationships 
in polyurethane elastaners40- 45 . Polyurethane elastaners have the 
general structure of (AB)n. They exhibit properties similar to 
crosslinked rubbers, but can also be thermoplastic and may therefore 
be processed by conventional moulding and extrusion techniques. In 
use at elevated temperature one component is usually viscous or 
rubbery (soft segment), while the second is glassy or semicrystalline 
in nature (hard segment), see Figure 2.1. 
---A------ (B----B)n------A-----------------C------- A---(B--B)n--A--
Isocyanate 
rigid block 
POlyol 
(flexible 
block) 
MJno or 
polymeric 
isocyanate 
(rigid block) 
Chain extender 
may be flexible 
or rigid 
n 
FIGURE 2.1: Chemical Structure of Polyurethane Block Polymers 
A number of techniques have been used to study their structural 
organisation. WAXS, thermal analysis, birefringence, and mechanical 
properties strongly support the view that these polymers can be 
considered in terms of long flexible segments (1000-2000 nm) and much 
shorter rigid units (150 nm), which are chemically and hydrogen bonded 
together (see Figure 2.2). 
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FIGURE 2.2: Flexible and Rigid Segments in Polyurethane Elastarers 
Polyurethanes have also been shown to exhibit microphase separation. 
The factors which influence this phase separation include segmental 
polarity differences, rrolecular weight of segments, crystallisation of 
either segments, intra- and inter-segmental interactions such as 
hydrogen bending, and thermal history. 
Koutsky et al11 reported direct evidence for the presence of da1lain 
structures in polyester and polyether based polyurethanes by staining 
samples with iodine and observing the darkened area by the aid of 
Transmission Electron Micros=py. 
The deformation response of the hard and seft segments and the da1lain 
structure has been measured by several investigators, primarily by 
using infrared dichroism, infrared absorption as a function of strain, 
wide-angle X-ray scattering (WAXS), small-angle light and X-ray 
scattering (SALS and SAXS), and birefringence measurements42- 45 • 
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Bonart and co_workers42 ,43 have proposed the following mechanism for 
deformation in polyurethane block copolymers with crystallisable hard 
segments. Figure 2.3: "At relatively low strain (200%), strain 
induced crystallisation of the positively oriented (chain backbone 
aligned with the stretch direction) soft segment can 00= depending 
on the soft-segment type, (polyester based elastaners shcM a lower 
level of crystalline order, than polyethers presumably due to their 
ITOre i=egular chemical stl:ucture). 
The hard segments usually exhibit overall negative orientation and 
therefore remain in a disordered manner transverse to the direction of 
stretching. At higher elongation e.g. 500%, the orientation of the 
soft segment improves only to a small extent, while the lamellar 
dcmains are disrupted and all of the hard segments assume a positive 
orientation, with their longitudinal axes in the direction of 
elongation, see Figure 2.4. This effect is explained in terms of 
force strands, Le. maximally loaded chains in the soft segments which 
oppose any further extension. Further extension therefore requires a 
sliding process between the hard segments to take place, resulting in 
the formation of new force strands. At 500% elongation, this 
restructuring process is virtually complete. Treatment of the 
extended sample with warm water (800 ) for 30 minutes, accelerates the 
process and also gives rise to an even distribution of forces among 
these soft segment chains resulting in a loss of elongational 
crystallisation in this region. On relaxation of the material the 
soft segments disorient alJTOst canpletely, while the hard segments 
tend to remain in the oriented manner described". This model of 
ITOlecular organisation and restructuring on extension, provides a 
possible explanation of the stress softening phenomena and high 
hysteresis canronly found in polyurethane elastaners7. The result of 
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ElonQelion 
eryst 0" Ixot Ion 
Soft segment 
",/ 
Herd uQment 
/ 
Figure 2.3. Strain induced elc)n~o\ion crystallisation of polyether soft segments in a 
oegmented polyurethane ela"tomer by elongating it to 200% extension. 
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this restructuring has been =nfinned by Shihara et al ~6, and Kimura47 
et al, wIx> studied the deformation mechanisms of rrore crystallisable 
PEUUS* that exhibited spherulitic texture. They recorded as a function 
of strain, IR dichroism, small- and wide-angle X-ray scattering and 
polarised small-angle light scattering. The authors observed an 
inversion or transition fron (-) to (+) IR dichroism of hard segment 
carbonyl groups. This observation, along with X-ray diffraction 
results suggested a restructuring of hard segment danains. 
The nature and behaviour of hydrogen bonding in segmented polyurethane 
has been investigated by many in the published literature48 ,49, as 
hydrogen bonding plays an indirect role in detennining properties by 
influencing the degree of phase separation, stabilising hard segment 
domains, and determining alignment of hard segments within their 
danains. 
Seyrrour and Cooper50 have postulated that hydrogen bonds are fonned 
between the active hydrogen on the urethane nitrogen and either the 
urethane carbonyl or the prepolymer ester or ether linkage. 
Investigation of the infrared absorption due to the urethane N-H 
stretching vibration indicates that alrrost all of these groups are 
hydrogen bonded, while study of the urethane carbonyl shcMs that only 
about 60% of these groups are similarly associated. The conclusion is 
that substantial hydrogen bonding must occur between the urethane N-H 
and the appropriate prepolymer linkages. The prepolymer urethane 
hydrogen bonding can be accounted for firstly, due to the incanplete 
danain separation, resulting in mixing of the hard and soft segments 
and secondly sane of the prepolymer urethane hydrogen-bonding can 
occur at the danain-matrix interface, Figure 2.5. 
* Polyether urethane-urea 
44 
'I11e constancy of hydrogen bonding in samples stretched up to 300% 
indicates that changes in the extent of hydrogen-bonding do not play 
an important part in detennining obseIVed elastic properties 50 . 
- N - H ----- 0 
- N - H ----- 0 
- N - H -----
FIGURE 2.5: Types of Possible Hydrogen Bonding in Polyurethanes 
'I11e stIucture of the diisocyanate has a great influence on the final 
stIucture of the urethane elastaners. Such a study has been carried 
out by Schneider5l et al. They investigated two series of 
pclyurethanes, one based on the asyrrmetrical 2,4-TDI, the other based 
on the ,'synmetrical 2,6-TDI. In the 2,4-TDI series, there was a 
rapid increase in the Tg's with increasing urethane content 
accompanied by a progressive change in properties from a softer 
elastomer to a rigid plastic. The 2,4-TDI polyurethanes were 
transparent and arrorphous, whereas the 2,6-TDI pclyurethanes were 
opaque, microcrystalline, and hard and tough. 
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2.3 STROC'lURE PROPERlY RELATIONSHIPS 
The wide range of physical properties and rrorph::>logies that can be 
obtained by changing the chemical component, composition, and 
pr=essing history of segmented polyurethane elastaners has generated 
a great interest in understanding the structure-property relationships 
of these materials with the ultimate goal of being able to tailor 
materials to meet specific applications. As previously stated in 
Section 2.2, a polyurethane is considered to be a segmented copolymer 
of the [AB]n type, where n>2 and to consist of an alternating hard 
segment, A, and soft segment, B, Figure2.1. The hard segments are 
considered to act both as tie down points and as filler particles 
which govem the performance of the material at elevated terrq;Jeratures. 
The properties of these [AB]n type thermoplastic polymers can be 
explained in terms of phase separation, crystallisation 
characteristics, and danain rrorph::>logy. The tv.u phase structure in 
polyurethanes is the result of the incompatibility between the 
flexible and rigid phases. This tv.u phase structure is considered to 
be the major factor leading to a high strength in these linear 
polyurethane copolymers. 
Factors which contribute to strength and toughness in polyurethane 
elastcrners lay particular emphasis on the role of the dispersed phase, 
and it should be noted that, as a general rule, for an elastcrner to 
retain strength CNer an extended range of temperature the presence of 
a dispersed phase is necessary. Such a dispersed phase may consist of 
high-temperature melting crystalline entities, finely dispersed filler 
particles, or rigid segmented danain structures such as those that 
exist in polyurethane elastomers. It is important to note that 
maximum physical properties are obtained in such a polyurethane 
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elastcmer if a high degree of perfection of microphase separation 
exists. 
Ccxnposition is ki'lain to affect the degree of phase separation, phase 
mixing, and hard segment danain organisation, and a=rdingly the 
polyurethane properties. Thus variation in the structure and size of 
the flexible and rigid blocks will bring about a significant variation 
in properties as fOllOWS. 
2.3.1 Effect of Soft Segment 
The flexible segments in cannercially available polyurethanes are 
usually aliphatic polyesters and polyethers. These materials have 
glass transition temperatures below roan temperature at which they are 
liquids or low melting point solids, with a IIDlecular weight between 
600 and 4000. The soft segment imparts the elastcmeric character to 
the polymer. 
Polyesters give polymers with higher physical properties than 
pol yethers, and it is believed this is due to a higher mnnber of polar 
groups being present in the polyester backbone which fonns hydrogen 
bonding with the NH groups of the urethane linkages. Table 2.2 sh::Jws 
the lower tensile strength and IIDdulus possessed by polyether based 
elastomers (POTM) compared with polyester based elastomers (PEA) 
materials, for materials prepared frcm MDI/1,4-BD in IIDlar ratio of 
1/2/1. 
Both PEA and P01M materials crystallise on extension due to their 
structural regularity and this is thought to be an important factor 
contributing to their high tensile strength. 
physical properties aIIDng polyethers. 
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P01M gives the best 
152 
TABLE 2.2: Mechanical Pro 
and Polyesters 0 ~ of 
Polyurethane Based on Polyethers 
Polyol Tensile Strength 300% M:Jdulus 
r-wt 1000 MPa MPa 
PEA 48.9 7.6 
POIM 36.6 6.9 
POP 28.9 4.4 
where PEA - Poly( ethylene adipate) 
P01M - Poly( oxytetramethylene) 
POP - Poly(oxypropylene) 
Elongation Hardness 
at Break % Srore A 
650 88 
725 90 
800 76 
X-ray diffraction53 studies of stress-induced crystallisation in the 
polyether-based elastcmers show refraction attributed to crystal lites 
of polyether segments. It is concluded that separation into dcmain 
structures occurs in both polyether- and polyester-based polyurethane 
elastaners, but to a higher degree in the polyether-based polymers 
than in the polyester-based polymers, possibly due to the restriction 
in the latter imposed by interaction of the ester and urethane groups. 
The structure of polyesters and polyethers has a marked effect on the 
final properties of the polyurethanes, and the presence of pendant 
groups on both polyols can reduce their physical properties due to the 
restriction of phase segregation and reduction of the crystallinity of 
the soft segment upon extension. 
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The influence which different polyester backbones have upon the 
properties of polyurethanes can be seen in Table 2.3 which gives data 
obtained with 4,4'-diphenyl methane diisocyanate-based materials. 
7 TABLE 2.3: Effect of Polyester Structure on Mechanical Properties of 
Polyurethane Elastaners* ( 
Polyesters 
Polyethy1ene adipate 
-(CHz)4·oo•0 ·(CHz·CHz)·0.oo-
Po1y(1,4-tetramethy1ene adipate) 
-(CH2)4·oo.0.(CH2-CH2-CH2-CH2)·0'OO-
Po1y(1,5-pentamethy1ene adipate) 
-(CH2)4·oo.0[(CHz)5Jx·0.oo-
Po1y(1,3-buty1ene adipate) 
-(CH2)4·oo.0.CH2·CH2·YH·0.oo-
CH3 
Po1y(ethy1ene succinate) 
-(CH2)2·oo.0(CH2)2·0.oo-
Po1y(2,3-buty1ene succinate) 
-(CHz)2· oo•0-r-+ rH- 0.00-
CH3 CH3 
Po1y(2,2-dirnethyl-1,3-trimethy1ene 
succinate) 
f!i3 
-(CHz)2. oo•0 .CH2·r - CH2·0.oo 
~ 
Tensile Elonga-
Strength tion at 
MPa Break 
% 
47 590 
41 510 
43 450 
22 520 
47 420 
24 380 
18 400 
* Molar ratio = Po1yester/MDI/1,4-BD = 1/3.2/2.0 
polyester M.wt approximately = 2000 
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Penna- 300% 
nent M:ldulus 
Set MPa 
% 
15 10 
15 13 
10 12 
15 7 
40 22 
105 
70 14 
It is seen that tensile strength and 300% rroduli depended largely upon 
the presence and situation of side chains. 
2.3.2 Effect of Hard Segment 
As shown earlier, hard segments in polyurethane elastomers are 
produced by the reaction of a diisocyanate with diol or diamine chain 
extenders to give a rigid polyurethane or polyurea structure. 
Interchain attraction forces between these rigid segments are far 
greater than toose present in the soft segments,. due to the high 
concentration of polar groups and the possibility of extensive 
hydrogen bonding. Hard segment length and bulkiness significantly 
affects the attainment of best mechanical properties, particularly 
ITDdulUS, hardness and tear strength. '!he performance of elastaners at 
elevated temperatures is very much dependent on the structure of the 
hard segment and its ability to remain associated at these 
tmperatures. 
The concentration, size, and structure of hard-segment danains affects 
the properties of PU elastomers very considerably. As the 
concentration of hard segments is increased, the modulus of such 
segmented polyurethanes is also found to be enhanced in a similar 
manner to that observed by the filler increase in conventional 
rubbers. Bonart42 et al'I on the basis of X-ray scattering studies, 
proposed that hard segments exist in microcrystalline danains. Van 
Bcgart54 observed that the ordering of these microcrystalline danains 
:ilnproved as the hard segment length increased. 
Cooper et al?5 studied the structure-property relationship of 
polycaprolactone based segmented polyurethanes and they found that 
increasing the hard segment content at constant soft segment rrolecular 
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weight will increase crystallinity, hard segment crystalline melting 
point and increased interfacial area. 
Wang and 0xJper56 have synthesised a series of polyether urethane 
ureas (PEUU) using 1000 and 2000 IlOlecular weight poly(tetramethylene 
oxide) as the soft segment, to investigate how the hard segment 
content and block length affects rrorphology and physical properties of 
these materials. They found that mechanical properties depend 
primarily on the hard segment content, although a high concentration 
of urea groups in PEUU-2ooo results in properties superior to those of 
the PEUU-looo of similar hard segment fraction; there is also the 
existence of rrore solubilised hard segments in the PEUU-looo than in 
the PEUU-2ooo. They also concluded that upon decreasing hard segment 
content, a change of rrorphology fron interconnecting to more isolated 
hard danains took place. 
Chen57 and co-workers studied the influence of the hard segment 
content on the mechanical, dynamic mechanical and thermal properties 
of solution polymerised amine-terminated polypropylene-
oxide/MDI/DETDA* thenroplastic polyureas, and they found that the 
modulus of the rubbery plateau measured from dynamic-mechanical 
spectra increases with hard-segment concentration due to the 
reinforcing effect of the hard segment dcmain. However, continuous 
improvement in dynamic mechanical modulus is not Significant when the 
hard segment is above 50% due to higher degree of phase mixing in high 
hard-segment concentration systems. 
* DETDA - diethyl toluene diamine 
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2.3.2.1 Effect of Diisocyanate Structure 
The structure of the isocyanate also has a great effect on the 
polyurethane properties. Bulky aromatic diisocyanates with a 
synmetrical molecular structure have been shcMn to give elastaners of 
high modulus and hardness. Table 2.4 illustrates this general 
relationship58. 
* TABLE 2.4: Effect of Diisocyanate Structure on physical Properties 
of Polyurethane Elastaners 
Diisocyanate Tensile Elonga- Tear 300% Hardness 
Strength tion at S~ M:ldulus (Smre A) 
(MPa) Break % kN.m- (MPa) 
P-phenylene diiso- 44.1 600 52.5 15.8 72 
cyanate (PPDI) 
1,5-Naphthalene 29.4 500 35.3 20.6 80 
diisocyanate (NDl) 
Mixed isaner of 31.4 600 26.5 2.5 40 
toluene diisocyanate 
(2,4- and 2,6-TDl) 
4,4 '-diphenyl methane 54.4 600 47.1 11.0 61 
diisocyanate (MDl) 
* See Table 1.3. 
The bulky 1,5-NDl gives materials of higher modulus and hardness than 
the single aranatic ring p-PDl and the flexible MDl. 
Asynmetrical molecules as represented by the 2,4/2, 6-TDl canbination, 
give elastaners of low modulus and hardness. Tensile strength and tear 
strength are also shown to be higher in the case of symmetrical 
molecules, particularly those based on the 1,4-substituted benzene 
ring system (p-PDI and MDl). 
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Paik Sung et al~9 has shown that when TD1-terminated (PTMO) 
(polytetramethylene glycol) prepolymers are extended with 1,4-BD, the 
asyrrroetrical 2,4-TDI based polymers display am::n:pOOus hard segment 
cJanains, while the symnetrical 2,6-TDl based hard segment segregates 
contain crystalline regions. Furthermore the 2,4-TDl based 
polyurethane exhibited phase mixing between hard and soft segments, 
whereas this was not observed in the analogous system containing the 
symnetrical 2,6-TDI. 
Polyurethanes based on MOl give polymers yellow in =lour and degrade 
upon exposure to ultra-violet light, due to the presence of arcmatic 
urethane linkages, while the unsaturated =untezpart of MOl, which is 
\ 
4,4-dicyclohexyl methane diisocyanate (H12 MOl) gives transparent and 
non-yellowing polymers. The cycloaliphatic canpounds are IlRlch less 
likely to form highly ordered or crystalline regions in the hard 
segrOOnt phase due to the greater difficulty in packing =rrectly. 
Van Bogart60 et al. found by the use of SAXS that the hard segments 
cJanains in the H12 MOI-BD/PCL systems were smaller than those in the 
=rresponding MOI-BD/PCL systems. 
2.3.2.2 Effect of Olain Extender 'I'ype 
As mentioned before, the hard segment is formed by the reaction of 
diisocyanate with low rrolecular weight diols, triols, or diamines. The 
diols give elastaners with urethane linkages, whereas diamines give 
elastaners with urethane-urea linkages. 
The m=rporation of urea linkages in the polyurethane hard segment 
has a profound effect on the phase separation and da11ain structure of 
polyurethane urea (PEW). This is due to the high polarity difference 
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between the hard and soft segments and the likely developnent of a 
three-dimensional hydrogen-bonding netwo:rk. 
Sung et al~9,61,62 in describing the properties of segmented PEUU's 
based on 2,4-TDI/ethylene diamine (ED)/poly(tetramethylene oxide 
( PTMO ), has found a considerable improvement in the extent of 
microphase separation in (PEUU) extended with ED compared to all 
polyurethane systems chain extended with butanediol. This was 
suggested by the much 1= glass transition of the soft segment phase 
and much higher glass transition of the hard segment domains in 
PEUU's. 
Wilkes et al~3, examined the morphology of Sung's (PEUU's) using 
small-angle X-ray scattering and found a consistent interpretation of 
his data possible by using mechanical and thermal tests. Wilkes 
suggested that the diamine" type chain extenders praroted better phase 
separation sincEi the thickness of interface between the diamine in the 
(PEUU's) was sanewhat less than that of conventional polyurethanes 
using (1,4-BD) as the chain extender. 
~57 found that the thennal cycling of the polyureas to 2(XPC did 
lX>t alter either the position or shape of the soft segment Tg. nus 
is in contrast to those polyurethanes, whose behaviour is very 
sensitive to the thennal history of the sample. They also found that 
the thennal history has little effect on the tensile properties of 
these polyureas, by annealing the samples at 170°C for 3 hours, 
followed by quenching to rcx:m temperature, thus oould not detect 8IT:l 
significant changes in their stress-strain behaviour. 
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For unsynunetrical diisocyanates the chain extender used most 
successfully is a diamine since the strong interaction force between 
the urea groups will ccmpensate for the structural i=egulari ties in 
the diisocyanate. F= syrnnetrical diisocyanates, dials are often used 
successfully with MDl and NDl and others to produce strong elastaners. 
Trials are known to introduce cross linking and sanetimes thus can give 
polyurethanes with better physical properties; however dials and 
trials may also give elastomers with low hardness and strength 
canpared to the diamine materials (e.g. MJCA) 
TABLE 2.5: Comparison of Amine and Polyol Extended Polyurethane 
Elastomers* 
Chain Extender Type Tensile 300% Elongation 
strength M:ldulus at Break 
MPa (MPa) % 
MJCA 31.7 12.6 450 
MJCA/MDl/m-PDA 31.7 7.3 450 
1,4-BD/TMP (1.0/0.3) 8.9 2.1 560 
1,4-BD/TMP (3.0/1.3) 10.4 2.9 470 
* Polyurethane type polyester/TDl system 
where: MJCA = 3,3'-Dichloro-4,4'-diaminodiphenyl methane 
MDA = Methylene dianiline 
m-PDA = m-Phenylene diamine 
1,4-BD = 1,4-Butane dial 
TMP = Trimethylol propane 
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Hardness 
Shore A 
90 
82 
57 
60 
F= the same systans, changing the structure of the diols will produce 
polyurethane elastaners with various final properties, for example, in 
Table 2.6 it can be seen that the 1,4-BD gives the highest tensile 
strength of all the diols used. 
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TABLE 2~ Effect of Diol Olain Extension Structure on Properties of 
Polyurethanes* 
Diol Extender Type 
Ethylene glycol 
1,3-Propane diol 
1,4-Butane diol 
1,5-Pentane diol 
1,6-Hexane diol 
Tensile 
Strength 
(MPa) 
49 
29 
56 
42 
41 
300% 
M:Jdulus 
(MPa) 
6 
8 
9 
8 
7 
Elongation 
at Break 
% 
560 
640 
570 
580 
600 
Hardness 
Shore A 
61 
61 
61 
62 
60 
* Elastomer composition: 
1030/MDI/dio1 
poly ( tetramethylene adipate) M. wt 
2.3.3 Effect of Segment Size 
The effects of varying the hard and soft segment size on the 
properties of polyurethanes has been investigated by several 
authors60,61,64-68. 
Paik; Sung and Smi th61 studied the IR spectra of two series of 
polyether poly(urethane ureas) based on 2,4-TDI, ethylene diamine, and 
either the 1000 or 2000 rrolecular weight poly( tetramethylene oxide). 
They found that better phase separation accompanied by better 
mechanical properties were obtained by using the 2000 rrolecular weight 
reactant rather than 1000. They also found that the arrount of bonded 
urethane carbonyl decreases with increasing urea content. 
56 
Van Bogart et al~O showed that high lIDlecular weight soft segment 
materials exhibit crystallinity at low hard segment =ntent, but that 
crystallinity will be suppressed as the =ncentration of the hard 
segment increases in the soft segment matrix at low soft segment 
lIDlecular weights; the soft segment is too sh:>rt to crystallise even 
at low hard segment =ntent. 
Bylsma64 reported the effect of variation in polyurethane 
concentrations on tensile strength in a system based on 
poly( oxypropylene) glyool/'IDI. Increased polyurethane =ncentration 
gave materials of increased tensile strength; however this 
oo=elation was not found to exist between the degree of =sslinking 
and tensile strength. These results indicate that there was a general 
increase in strength properties (m:x'Iulus, tensile strength, hardness, 
tear strength) associated with increased urethane =ncentration in 
polyurethane elastaners. 
It is also possible to have a system where tensile strength decreases 
when urethane concentration increases and this is observed in say a 
polyester/MDI system extended with 1,4-00 where a gradual decrease in 
tensile strength with increasing urethane ooncentration is found. 
Smith and Magnusson65 , 66 have studied the effects of urethane 
concentration and cross linking on properties of polyurethane 
elastomers. They showed that the increase in Tg with increasing 
urethane concentration for poly(oxypropylene) glycol based elastaners, 
gi vas rise to an increase in tensile strength measured at ambient 
temperature. In this system crosSlinking was found to have much less 
effect on Tg and hence on the tensile strength measured at ambient 
temperature. 
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The effect of hard segment length distribution on properties has been 
investigated by Fu67 and MacKnight. They have found that the hard 
segment length plays an :il1Iportant role in phase segregation and as the 
hard segment length increases, the tensile strength increases due to 
lOClre phase segregation until phase segregation is nearly canplete at 
six hard segment units and then this polymer exhibits significantly 
improved mechanical properties. 
Miller68 and co-workers carried out a recent study of polyether 
, 
polyurethanes with different hard segment length distribution. They 
reported that materials with fewer single MDI hard segments exhibited 
a higher degree of phase separation. These same materials, h::Mever, 
possessed lower ultimate tensile properties; the authors suggested 
that the better phase-separated lOClrph:llogy restricted the ability of 
the soft segment to crystallise under strain because of increased hard 
segment crystallinity and danain inter-connectiVity. 
2.3.4 Effect of Crosslinking 
The behaviour of pOlyurethane elastomers is in contrast to 
conventional covalently crosslinked hydrocarbon rubbers which sh:Jw 
increased lOCldulus and strength as crosslinking is increased. These 
results are sometimes interpreted in terms of evidence for the 
presence in the polyurethane of non-covalent interIOC>lecular attraction 
forces which lose their effectiveness as increased chemical 
crosslinking causes increased chain separation. 
Crosslinking in polyurethane can be achieved by one of the procedures 
below: 
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1. Use of excess diisocyanate and the developnent of isocyanurate 
00nds; 
2. Developnent of allophanate and biuret linkages by the use of high 
temperatures (e.g. l30-l60oC) during the preparation of the 
polymer; 
3. Using a trifunctional chain extender agent (e.g. Trimethylol 
propane 'IMP). 
Pigott58 showed that increasirg the axrount of crosslinking by usirg 
'IMP canbined with 1,4-BD will decrease the tensile strenJth properties 
(i.e. increased elasticity). Volume swelling of elastomers in 
dimethyl acetamide decreased as expected with increasirg degree of 
crosslinking. M:Jdu1us and tensile strength were found to decrease to 
a minimum and then increase sharply at a very high degree of 
crosslinking, due to the excessive density of crosslinks hinderirg 
nolecular notion. 
Polyurethanes with a higher crosslink density were found to maintain 
their nodulus at higher temperatures than did the nore lightly or non-
crosslinked materials. 
Smith65 and Magnusson investigated the effect of crosslinking on Tg in 
a series of poly(oxypropylene)/TDI based elastaners usirg 'IMP as a 
crosslinking agent. They found no significant effect on Tg as the 
degree of crosslinking increased. Tensile strength was found to vary 
only slightly whereas the nodulus increased and elongation at break 
decreased. 
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Frcrn the above considerations, it is seen that the effect of chan1cal 
crosslinking on the properties of polyurethane elastomers is 
influenced largely by the presence of non-covalent intenrolecular 
attractive forces in the linear polymer. Elastaners having strong 
secondary interactions tend to suffer a general decrease in physical 
properties as the extent of crosslinking increases, e.g. polyester 
based materials. Elastomers which have relatively weak secondary 
interchain interactions, e.g. polyethers extended with diols, and 
polyols with pendant methyl groups sh:Jw a general increase in physical 
properties with increasing crosslink density. 
Sasaki 69 et al, have investigated the effect of isocyanurate 
crosslinks in a poly(oxyethylene) glycol based elastaner. M:x'!ulus was 
found to increase linearly with crosslink density, and it was 
suggested that this effect was due to formation of the isocyanurate 
ring into rigid dcmain aggregations. (However , it seems more probable 
that dcmain formation is inhibited by the chemical crosslinks fonned 
and the increased modulus is due to the high chemical crosslink 
density) • 
Barikani11 by using an excess of diisocyanate discovered an 
enhancement in the thermal stability of the polyurethane elastaners. 
He attributed this to the isocyanurate crosslinking formation. He 
concluded that there is a linear relationship between the quantity of 
crosslinking in a polyurethane and its thermal stability. He also 
found that the thermal stability increases when 'IMP is used as a chain 
extender. 
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CHAPTER THREE 
EXPERIMENTAL WORK 
61 
3.1 OBJEX:TIVE OF 'mE ClJRRENT OORK 
Polyurethane elastaners have excellent and a broad range of properties 
and applications which make them the target of many investigators wOO 
wish to tailor them for specific applications. These properties can 
be varied by changing the type and stI:ucture of the raw materials 
used, and by controlling the meth:ld of processing. 
The main object of this research work was to investigate the ability 
of new types of polymer polyols (PPG's) from BP Chemicals as 
intennediates for the mald.ng of polyurethane elastaners. The relative 
cost of the polyol materials used in the prog:rarmte were as follcws: 
cost £ 2.99 per kilo Terathane 2000 
PPG 2025 cost £ 0.94 per kilo oJ. 1<\~ "'\ . 
PPG polymer polyol cost £ 1.31 per kilo 
It can thus be seen that the blending of the polymer polyols with 
other polyols would bring the advantage of cheapening the final 
products considerably; possibly a second advantage could be the 
improvement of the mechanical properties of the final products. In 
this research various polyurethane systems were initially assessed in 
a preliminary investigation to obtain information as to the best 
synthesis meth:ld. 
Experimentation involved characterisation of sample rrorplx>logy with 
respect to (i ) size and dispersion of dcmains, (ii) the degree of 
phase separation. 
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'l11e investigation included assessment of soft segment canposition, 
hard segment content and block length. The techniques implemented were 
DMl'A, DSC, X-ray diffraction, IR and stress-strain. 
3.2 MATERIAL OlARACl'ERISATION 
'l11e 72 elastaneric segmented copolymer systems which were studied are 
sU/lUDarised in Tables 3.1 and 3.2. These polyurethane elastomers 
canprised 27 classes of polyether polyurethanes. 'l11e meth:Xi used for 
the calculation of the stoichianetric arrount of each chemical in the 
preparation of the polyurethane polymer is given in Section 3.6 and a 
canplete list of the chemicals and the fo:rnrulations used to synthesise 
the various polyurethanes is given in Section 3.7. 
Hard segments were based on 4,4' -dicyclohexyl-methane diisocyanate 
chain extended with 1,4-BD (Hl:tID1/l,4-BD); 4,4'-dicyclohexylmethane 
diisocyanate chain extended with MOCA (H12MDI/MOCA); and 4,4'-
diphenyl methane diisocyanate chain extended with 1,4-BD(MDI/l,4-BD). 
The schematic structure for the hard segment material studied is given 
in Figure 3.1 and the method of the hard segment content calculation 
is given in Section 3.8. 
The soft segments were based on poly(oxytetramethylene) PIMJ, poly 
(oxypropylene) PPG, and the polymer polyol of both poly(oxytetra-
methylene) and poly(oxypropylene) with 20% of the dispersed copolymer 
of styrene and acrylonitrile particles. Schematic structures for the 
soft segments materials are shown in Figure 3.2. 'l11e canposi tion of 
all materials with respect to their soft segment types, hard segment 
content and the block ratio of these canponents is given in Tables 3.1 
and 3.2. 
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TABLE 3.1: List of Polyurethane Elastomers Synthesised 
Sample Polyo1s Diisocyanate Chain Block Hardness Mixing Tempera- Catalyst 
Code 
T1 Terathane 
2000 
T2 " 
T3 " 
THM-1 " 
THM-2 " 
THM-3 " 
T - Transparent 
ST - Semi-transparent 
TR - Translucent 
o - Opaque 
Extender 
H12MDI 1,4-BD 
11 
" 
" " 
" 
MOCA 
11 
" 
" 
" 
Ratio Shore A Ratio ture of Used 
of complete 
Polyols Miscibi-
lity °c 
1/2/1 63 - - -
1/3/2 80 -
- -
1/4/3 86 
- - -
1/2/1 74 - - -
1/3/2 85 - - 2 drops 
1/4/3 92 - - 2 drops 
Transpa- Properties 
rency 
T Rubbery 
ST Rubbery 
ST Tough and 
rubbery 
Clear Rubbery 
but 
yellow 
o and Rubbery 
yellow 
o and Tough 
yellow 
'" U1 
----- - - - -~~--------------------------------------------~ 
Table 3.1 (continued) 
Sample Polyols Diisocyanate Chain Block Hardness Mixing Tempera- Catalyst Transpa- Properties 
Code Extender Ratio Shore A Ratio ture of Used rency 
of complete 
Polyols Miscibi-
lity DC 
H1 Terathane H12MDI .. 1/2/1 74 80:20 80-20 2 drops TR Rubbery 
2000 + 
PPPG 2025 
H2 .. .. .. 1/2/1 65 60:40 80-82 2 drops TR Soft 
H3 .. .. " 1/2/1 66 40:60 80-82 2 drops TR Soft rubber 
Pl PPG2025 .. .. 1/2/1 50 - - 2 drops TR Very soft 
TR-l Terathane H12MDI l,4-BD 1/2/1 72 80:20 <60 2 drops 0 Snappy 
2000 + rubber 
RP 1343 
TR-2 .. " .. 1/2/1 70 60:40 <60 2 drops 0 Snappy 
rubber 
: 
Table 3.1 (continued) 
Sample Polyols Diisocyanate Chain Block Hardness Mixing Tempera- Catalyst Transpa- Properties 
Code Extender Ratio Shore A Ratio ture of Used rency 
of complete 
Polyols Miscibi-
lity °c 
TR-3 Terathane H12MDI l,4-BD 1/2/1 69 40:60 <60 2 drops 0 Snappy 
2000 + rubber 
RP 1343 
RP RP 1343 11 11 1/2/1 55 - - 2 drops 0 Soft, tacky 
yellow, 
high hyste-
resis 
HM-1 Terathane It MOCA 1/2/1 75 80:20 80-82 2 drops 0 Soft 
2000 + 
PPG 2025 
HM-2 " It 11 1/2/1 65 60:40 80-82 2 drops 0 Soft 
HM-3 It " 11 1/2/1 57 40:60 80-82 10 drops 0 Soft 
I 
P2 PPG 2025 " It 1/2/1 65 - - 2 drops 0 Soft 
---------------------------------------------------------------------------------------------------------------------------- .---
Table 3.1 (continued) 
Sample Polyols Diisocyanate Chain Block Hardness Mixing Tempera- Catalyst Transpa- Properties 
Code Extender Ratio Shore A Ratio ture of Used rency 
of complete 
Polyols Miscibi-
lity °c 
RHM RP 1343 H12MDI " 1/2/1 72 - - 2 drops 0 Elastic 
TRM-1 Terathane " .. 1/2/1 77 80:20 <60 2 drops 0 Tough, 
2000 + elastomer, 
RP 1343 yellow, 
elastic 
TRM-2 It .. .. 1/2/1 74 60:40 <60 2 drops 0 " 
TRM-3 " " 01 1/2/1 68 40:60 <60 2 drops 0 Elastic, 
resilient 
N1 01 MD! 1,4-BD 1/3/2 76 80:20 <60 - 0 Very 
brittle 
P-MDI PPG 2025 " 01 1/2/1 60 - - - 0 Rubbery 
-----------------------------------
Table 3.1 (continued) 
. Sample Polyols Diisocyanate Chain Block Hardness Mixing Tempera- Catalyst Transpa- Properties 
Code Extender Ratio Shore A Ratio ture of Used rency 
of complete 
Polyols Miscibi-
lity °c 
P-MDI-1 Terathane " " 1/2/1 70 80:20 80-82 - 0 Tough 
2000 + 
PPG 2025 
P-MDI-2 " " " 1/2/1 67 60:40 80-82 - 0 Tough 
P-MDI-3 " " " 1/2/1 55 40:60 80-82 - 0 Soft 
RP-MOl RP l343 " " 1/2/1 70 " - - 0 Rubbery 
TR-MDI-1 Terathane " " 1/2/1 72 80:20 <60 - 0 Good reco-
2000 + very, 
RP 1343 tough 
TR-MDI-2 " " " 1/2/1 69 60:40 <60 - 0 " 
TR-MOl-3 " " " 1/2/1 55 40:60 <60 - 0 " 
Table 3.1 (continued) 
Sample Polyols Diisocyanate Chain Block Hardness Mixing Tempera- Catalyst Transpa- Properties 
Code Extender Ratio Shore A Ratio ture of Used rency 
of complete 
Polyols Miscibi-
lity °c 
TI-MDI Terathane 11 11 1/2/1 70 - - - 0 Rubbery, 
2000 resilient, 
good reco-
very 
45B/722 45B/722 11 11 1/2/1 77 - - - 0 Thermally 
stable, 
good reco-
very. 
Tough 
45B/725 45B/725 11 11 1/2/.1 81 - - - 0 11 
20P-722 45B/722 + 11 1,4-BD 1/2/1 75 80:20 80-82 - 0 Tough, 
PPG 2025 resilient 
722-T-20 45B/722 + 11 11 1/2/1 76 80:20 <60 - 0 .. 
Terathane 2000 
-.J 
o 
Table 3.1 (continued) 
Sample Polyols 
Code 
722-T-40 " 
722-T-60 " 
722-H-BD 45B/722 
No 
catalyst 
725-H-BD 45B/725 
No 
catalyst 
722-H-BD 45B/722 
+ cata-
1yst 
725-H-BD 45B/725 
+ cata-
lyst 
Diisocyanate Chain Block Hardness 
Extender Ratio Shore A 
" " .1/2/1 75 
" " 1/2/1 75 
H12MDI " 1/2/1 73 
" " 1/2/1 71 
" " 1/2/1 77 
" " 1/2/1 79 
Mixing Tempera- Catalyst Transpa- Properties 
Ratio ture of Used rency 
of complete 
Polyols Miscibi-
lity °c 
60:40 (60 - 0 " 
40:60 (60 
- 0 " 
- - - 0 Rubbery 
- - - " " 
- - - " Tough, 
e1astomer 
but 
porous 
- - 2 drops " " 
TABLE 3.2: List of Polyurethanes Synthesised with Excess Diisocyanate 
Sample Polyols Diiso- Chain % Excess Mixing Block Hardness Catalyst Trans- Properties 
cyanate Extender Diisocya- Ratio Ratio Shore A Used parency 
nate 
Rl RP 134 MDI 1,4-BD 10 - 1/2/1 70 - 0 Rubbery 
R2 RP 134 " " 20 - 1/2/1 72 - 0 " 
R3 RP134 " " 30 - 1/2/1 74 - 0 " 
R4 RP1343 H12MDl " 20 - 1/2/1 - - 0 The polymer 
gel only 
R5 RP 1343 " " 20 - 1/2/1 68 5 drops 0 Tough rubber 
R6 Terathane 2000 MDl 1,4-8D 10 80:20 1/2/1 73 - 0 Tough rubber 
+ RP1343 and good 
recovery 
R7 Terathane 2000 " " 20 80:20 1/2/1 74 - 0 " 
+ RP1343 
r------------------------------------------------------------------------------------------------------------------------- - -
Table 3.2 (continued) 
Sample Polyols Diiso- Chain % Excess Mixing Block Hardness Catalyst Trans- Properties 
cyanate Extender Diisocya- Ratio Ratio Shore A Used parency 
nate 
R8 Terathane 2000 11 11 30 80:20 1/2/1 74 - 0 11 
+ RP1343 
R9 Terathane 2000 11 11 10 60:40 1/2/1 69 - 0 11 
+ RP 1343 
RIO Terathane 2000 11 11 20 60:40 1/2/1 70 - 0 " 
+ RP1343 
Rll Terathane 2000 11 11 30 60:40 1/2/1 72 - 0 11 
+ RP1343 
R12 Terathane 2000 H12MDl 1,4-BD 10 60:40 1/2/1 71 4-D 0 Higher than 
+ RP1343 4-D produ-
ced a very 
short pot 
life polymer 
" w 
Table 3.2 (continued) 
Sample Polyols 
Rl3 Terathane 200 
+ RP1343 
R14 Terathane 2000 
+ RP1343 
R15 RP 1343 
H4 Terathane 2000 
+ PPG 2025 
H5 Terathane 2000 
+ PPG 2025 
H6 Terathane 2000 
+ PPG 2025 
Diiso-
cyanate 
11 
11 
11 
11 
11 
11 
- - .- -- -----------------------
Chain % Excess Mixing Block Hardness Catalyst Trans- Properties 
Extender Diisocya- Ratio Ratio Shore A Used parency 
nate 
11 20 60:40 1/2/1 73 5-D 0 Rubbery 
11 30 60:40 1/2/1 75 5-D 0 Rubbery 
11 30 - 1/2/1 5-D 0 Rubbery 
11 10 60:40 1/2/1 65 5-D 0 Soft 
11 20 60:40 1/2/1 68 5-D 0 Soft 
11 30 60:40 1/2/1 71 5-D T Soft 
c---~~--- - -----
Table 3.2 (continued) 
Sample Polyols Diiso- Chain % Excess Mixing Block Hardness Catalyst Trans- Properties 
cyanate Extender Diisocya- Ratio Ratio Shore A Used parency 
nate 
P4 PPG 2025 " " 10 - 1/2/1 54 2-D 0 Soft 
P5 PPG 2025 " " 20 - 1/2/1 62 2-D 0 Soft 
P6 PPG 2025 " " 30 - 1/2/1 63 2-D T Soft 
p7 PPG 2025 MDI 1,4-BD 10 - 1/2/1 62 - 0 Rubbery 
p8 PPG 2025 " " 20 - 1/2/1 65 - 0 Tough 
p9 PPG 2025 " " 30 - 1/2/1 69 - 0 Tough 
PLO PPG 2025 H12MDI " 16 - 1/2/1 62 5-D 0 Soft 
R16 RP 1343 " MOCA 10 - 1/2/1 75 2-D 0 Elastic, 
tough 
Table 3.2 (continued) 
Sample Polyols 
R17 RP1343 
R18 RP1343 
D - Drop 
o - Opaque 
ST - Slightly transparent 
T - Transparent 
TR - Translucent 
Diiso- Chain % Excess 
cyanate Extender Diisocya-
nate 
11 11 20 
11 11 30 
Mixing Block Hardness Catalyst Trans- Properties 
Ratio Ratio Shore A Used parency 
- 1/2/1 81 4-D 0 Elastic, 
good 
recovery 
- 1/2/1 83 6-D 0 Elastic, 
good 
recovery 
Hard Segment l'iaterials 
OH H 0 i 11 1 11 . C-~-O-CH2-o-N-C-O.'CJ-!2r40 x 
~imI/l, 4-BD 
/ 
4,4-dicyclohexylmethane diisocyanate /1,4-butane diol 
o H H 0 H Cl Cl R~ 
I1 I ~ -0 t II I . M ;=\j 
C -;-';~~CH, '-N-O-N-tV_ CH2~N x 
H1lJlI/hOCA 
4,4~dicyclohexylmethane diisocyanate /NOCA 
MDI/l,4-BD 
4, 4~iphenylmethan,ediisocyanate /1,4-butane diol 
Fig.3.l. Schematic Structure of Hard Segment ~aterials. 
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SOFT SE(MENT MATERIALS 
Materials 
P'IM) 
Poly(tetramethylene OKide) 
PPG 
Poly(propylene oxide) 
RP1343 
45B/725 
45B/722 
Structure 
Contains both PPG 80% by weight 
and polymerised styrene (PS) 10% 
and acrylonitrile (ACN) 10%. 
Total solids = 20% (styrene/ 
acrylonitrile ratio = 1:1). 
Contains Terathane 2000 8% by 
weight and polystyrene 10%, and 
acrylonitrile 10%, Total solids 
= 20%. 
Contains Terathane 2000 80% by 
weight and polystyrene 14%, and 
acrylonitrile 6%. Total solids 
= 20%. Styrene/ acryloni trile 
70:30. 
Both 45B/722 and 45B/725 have an average partiCle size of 1. 4 )l ffi. 
FIGURE 3.2: SrnEMATIC STRUCI'URE OF THE SOFT SE(MENT MATERIALS 
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3.3 POLYUREmlINE SYN'IHESIS 
All polyurethane samples were prepared by the melt polymerisation 
technique via b.o step procedure. The quantity prepared for each 
sample was between 200 and 300 grams of the polyurethane as this 
arrount was found sufficient for physical testing and characterisation 
studies. 
The synthesis was carried out in a 500 rnl four necked polymerisation 
reaction flask, which was kept at a temperature of nooe using a 
controlled temperature oil bath. This polymerisation flask was 
equipped with stirrer, vacuum outlet, and nitrogen gas inlet services, 
Figure 3.3. The polyol being used was added to the reaction flask and 
then degassed under vacuum (27 inches of Hg) for approximately 6-8 hrs 
at lOOoe. Then the polyol was cooled to the range of 40-50oe, and the 
stoichianetric arrount of diisocyanate was added plUS .5% ... excess to_ 
canpensate for any biuret and allophanate fonnation and the wastage of 
di~:!:e which remains behind in. the container, The diisocyanate 
\ 
was added slowly With stirring, and when its addition was canpleted, 
the reaction mixture of the polyol and the diisocyanate was heated 
under a dry nitrogen blanket for 1-1.5 hrs to form the prepolymer, 
after which the reactants were cooled to about 800 e prior to the chain 
extension stage. At this point the isocyanate content of the 
prepolymer was determined by the di-n-butyl amine back titration 
method (see Section 3.9). 
Previously dried, and if necessary degassed, chain extender(s), i.e. 
MOCA[used in the melted form at l21oe] or the liquid 1,4-BD together !"loCfl 
If fI'·e;~f.(..'" 
with the tin salt catalyst (when' used) was then added to and rapidly 
ftispersed in the prepolymer. The polymer formed was then degassed 
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( 
under vacuum to renove arrx trapped gases which might lead to bubbles 
in the final cast polyurethane. Then the degassed polymer was cast by 
pouring it into a highly polished altuninium II'OUld (preheated to about 
100°C) which had been previously coated with a release agent*. 
Sometimes it was necessary to flame the surface of the cast 
polyurethane elastaners with a gas torch to break and thus remove arrx 
bubbles which had formed in situ on the top surface of the cast 
specimen. The filled I10Uld was then placed on a self lElVelling shelf 
_~~.' -"....,r' .~ "'-'--....... ________ .---..... 
in a circulating hot air oven and cured at 110°C for either 24 hours 
or 48 hours. 
Each elastaner was then post-cured for not less than 40 days at room 
temperature and humidity (ca.50% RH) before testing for any 
properties. 
The aliphatic HlzMDI based polyurethanes were synthesised by using the 
tin-salt (T-220) of Akzo Chemie as catalyst, as this was found to give 
a reasonable amount of delayed action during the chain extension 
stage. However, aromatic MDI based polyurethanes were found to 
require no catalyst for the synthesis, and such samples were usually 
light yellow in colour. It is irrportant to mention here that due to 
the hazards in handling the diisocyanate and diamine chain extender, 
.e.. 
all the synthes,is were carried out in the fume cupboard with 
appropriate safety measures. 
* Ambersil 's polyurethane release agent was used. -~ tcl.L 
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VARIABLE SPEED 
CONSTANT TORQUE 
STIRRER MOTOR 
FLEXIBLE DRIVE 
NITROGEN 
INLET -~ 
ANCHOR STIRRER V(ITH'----. 
CLOSE FIT TO SIDE OF FLA3K 
TEMPERATURE CONTROLLED 
HOT OJL BATH 
PRESSURE EQUIL@NG 
DROPPING FUNNEL 
BECKMAN CONTACT 
/THERMOMETER 
MULTIPLE SOCKET 
HEAD 
Hax 
j 
TEMPERATUKE 
CONTROLLER 
o 
MAINS 
o 
OUTPUT 
ROUND REACTION 
VESSEL 
Fig.3.3. Typical Laboratory Apparatus for the Preparation 
" of a polyurethane Elastomers. 
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3.4 RATIO AND ~ITIES OF REACTANl'S 
The block ratio is a term commonly used in the preparation of 
polyurethane elastaners. It refers to the stoichianetric proportions 
of the equivalent weights of the raw materials used. 
~t of the polyurethanes synthesised in this research had a block 
ratio of 1/2/1 (unless otherwise stated). Table 3.3 shows a typical 
block ratio of 1/2/1 which means one equivalent weight of polyol is 
mixed with two equivalent weights of diisocyanate and then chain 
extended with one equivalent weight of chain extender. 
TABLE 3.3: TYPICAL BLCO< RATIO QUANTITIES USED IN THE SYNrnESIS OF A 
1/2/1 POLYURETHANE 
Raw Materials M:>lecular Function- Equivalent Block Quantity 
Weight ality Weight Ratio 
(g,/g .• mole) . f' I (g) (g) 
Terathane 2000 2000 2 1000 1 1000 
Pure MDI 250 2 125 2 250 
1,4-BD 90 2 45 1 45 
Total Weight of the Block Ratio Components = 1295g 
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3.5 DIFFIaJLTIES EXPERIENCED OORING 'mE SYNmESIS OF 'mE POLYMERS 
The major problem faced during the synthesis was air being entrapped 
in the stirred polymer due to the rapid increase in vis=sity of the 
polymer after chain extension; this was a special problem when excess 
MDI diisocyanate or when a polymer polyol soft segment was used in the 
polyurethane formulation (see Figure 3.4). Another secondary problem 
was the difficulty in obtaining a sheet of the cast polyurethane of 
uniform thickness. The variation in the thickness affects the 
calculation of the physical properties, although measures were taken 
to minimise this problem. 
3.6 AN EXAMPLE OF A CALaJLATION OF 'mE Sl'OIOUCMETRIC 1\IoOJNT OF 'mE 
RE!IGEN.I'S USED IN mE FORMUlATION OF POLYIJREnmN];S 
For a block ratio of 1/2/1, the aJroUnt of each chemical used was 
calculated as follows: 
The weight of the block ratio = l[equivalent weight of polyol] +2 
[equivalent weight of diisocyanate] + l[equivalent weight of chain 
extender] . 
For a polymer such as sample Tl of block ratio 1/2/1 which is composed 
of: 
Raw Materials Equivalent Weight Weight Used 
(g) (g) 
Terathane 2000 1000 lOoo( 1) = 100g 
H1aMD1 131 131(2) = 262g 
1, -BD 45 45(1) = 45g 
Weight of block ratio: 1307g 
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To prepare 200g of polymer 
Weight of polyol = 1000 x 200 = 153.02g 1307 
and weight of diisocyanate (H12MDl) = 262 x ~~7 = 40.09g 
to use 5% excess diisocyanate = 40.09 (1.05) = 42.096 g. 
Weight of chain extender = 45 x ~~7 = 6. 88g 
If a mixture of polyol is used, e.g. sample TR-MDI-l, in which the 
polyol canposes 80% Terathane 2000 and 20% RP 1343 with a block ratio 
of 1/2/1, the calculation will be as follows: 
Raw Materials Equivalent Weight Weight Used 
(g) (g) 
Terathane 2000 1000.0 0.8(1000) =800.0g 
RP1343 1217.4 0.2(1217.4) = 243.4g 
MDl 125.0 125( 2) = 250.0g 
1,4-BD 45.0 45(1) = 45.0g 
Weight of block ratio: = 1338.47g 
To prepare 200g of polymer 
Weight of mixed polyols = 0.8 (1000) + 0.2 (1217.4) = 1043.0g 
Weight of polyol mixture = 200 x 1~~~47 = 155.91g 
Therefore weight of Terathane 200 used = 155.91 (800 ) = 119.53g 1043.4 
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Weight of RP1343 = 155.91 (1~~.4) = 36.37g 
Weight of MDl 
To use 5% excess MDl = 37.356 (1.05) 
= 39.22g 
Weight of 1,4-BD. = 200 (13~~.4) = 6.724g 
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Fig.3.4. Air bubbles as seen to be entraped inside the polyurethane 
samples that are contained an excess of the diisocyanate. 
To emphasis the presence of these air bubbles, the 
polyurethane samples were swollen by immersion in toluene. 
(a) Sample R3 (RP1343/MDl/l,4-BD) with 30% excess diisocyanate. 
Block ratio (1/2/1). 
(b) Samples Rl1,R3 and R7. Block ratio (1/2/1). 
Sample R7 : 80% Terathane 2000 + 20%RP1343/MDI/l,4-BD, 
with 20% excess diisocyanate. 
Sample Rll : 60% Terathane 2000 + 40% RPI343/MDI/l,4-BD, 
with 30% excess diisocyanate. 
ss, 
---.~ f 
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3.7 WEIGHTS OF REAGENTS FOR EAClI SAMPLE USED IN THE SYNTHESIS OF THE 
POLYUREImINES INVESTIGATED 
i) '!be Hl:tIDI series 
Sample Equiv. Block weight Polymer Equiv. Block Weight 
Weight Ratio Used Weight Ratio Used 
(g) (g) (g) ( g) 
~ 
. /,t'o11;} l Tl H1 
Terathane 2000 1000 1 153.0 Terathane 2000 1(00) 1 122.2 
H1i!I 131 2 42.09 PPG 2025 1012) 30.92 1, -l'1DI 45 1 6.88 H1t!I 131 2 42.03 1, -BD 45 1 6.87 
T2 H2 
-Terathane 2000 1000 1 134.86 Terathane 2000 1(00) 1 137.21 
. Hl~l'1DI 131 3 55.65 PPG 2025 1012) 92.78 
1, -BD 45 2 12.05 H1t!I 131 2 59.91 : 1, -BD 45 1 10.29 
T3 H3 
Terathane 2000 1000 1 120.55 Terathane 2000 1(00) 1 60.87 
Hl~l'1DI 131 4 66.33 PPG 2025 1012) 92.4 
1, -BD 45 3 16.27 H1t!I 131 2 41.86 1, -BD 45 1 6.85 
THM-l PI 
Terathane 2000 1000 1 154.0 PPG 2025 1012 1 154.0 
HI2l'1DI 131 2 42.36 H1~l'1DI 131 2 41.7 
MJCA 133.5 1 20.56 1, -BD 45 1 6.82 
THM-2 TR-1 
Terathane 2000 1000 1 120.5 Terathane 2000 1000 ) 1 118.46 
H1zMDI 131 3 50.0 RP 1343 1217.4) 36.06 
MJCA 133.5 2 33.0 H1t!I 131 2 40.74 1, -BD 45 1 6.66 
THM-3 HM-3 
Terathane 2000 1000 1 104.0 Terathane 2000 1(00) 1 57.02 
H1zMDI 131 4 57.2 PPG 2025 1012) - 86.60 .' 
MJCA 133.5 3 42.5 H12l'1DI 131 2 39.21 
MJCA 133.5 1 20.03 
TR-2 p2 
Terathane 2000 1000 ) 1 86.10 PPG 2025 1012 1 144.0 
RP 1343 1217.4) 69.89 H1zMDI 131 2 39.0 
Hlt-lDI 131.0 2 39.46 MJCA 133.5 1 19.0 
1, -BD 45.0 1 6.456 
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Sample Equiv. Block Weight Polymer Equiv. Block Weight 
Weight Ratio Used Weight Ratio Used 
(g) (g) (g) ( g) 
TR-3 RHM 
Terathane 2000 1000 ) 1 55.65 RP 1343 1217.4 1 151.0 
RP 1343 1217.4) 101.63 Hd<IDI 131.0 2 34.11 
Hl~I 131.0 2 38.27 MX'A 133.5 1 17.0 1, -BD 45.0 1 6.26 
RP TRM-1 
RP 1343 1217.4 1 157.0 Terathane 2000 1000 ) 1 141.29 
H1~I 131.0 2 35.47 RP 1343 1217.4) 43.22 1, -BD 45.0 1 5.80 H1:tIDI 131.0 2 48.5 
MX'A 133.5 1 24.0 
HM-l TRM-2 
Terathane 2000 1000) 1 114.45 Terathane 2000 1000 ) 1 89.93 
PPG 2025 1012) 28.97 RP 1343 1217.4) 72.38 
Hl:tIDI 131.0 2 39.35 H1:tIDI 131.0 2 40.82 
MX'A 133.5 1 19.098 MX'A 133.5 1 20.81 
HM-2 TRM-3 
Terathane 2000 1000) 1 85.71 Terathane 2000 1000) 1 52.42 
PPG 2025 1012) 
-
57.85 RP 1343 1217) 95.67 
H1:tIDI 131.0 2 39.28 Hl:tIDI 131.0 2 36.65 
MX'A 133.5 1 20.06 
MX'A\ 
133.5 1 18.0 
\ll' 
~ (j 
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ii) 'Ihe MDl Series 
Sample Equiv. Block Weight Polymer Equiv. Block Weight 
Weight Ratio Used Weight Ratio Used 
( g) (g) (g) (g) 
P-MDl RP-MDl 
PPG 2025 1012 1 154.85 RP 1343 1217.4 1 160.98 
MDl 125 2 40.16 MDl 125 2 34.713 
1,4-BD 45 1 6.88 1,4-BD 45 1 5.95 
P-MD!-l TR-MD!-l 
Terathane 2000 1000 
,1 123.32 Terathane 2000 1000 1 119.53 PPG 2025 1012 31.99 RP 1343 1217.4 36.37 
MD! 125 2 40.46 MDl 125 2 39.22 
1,4-BD 45 1 6.94 1,4-BD 45 1 6.72 
P-MD!-2 TR-MDl-2 
Terathane 2000 1000 1 90.30 Terathane 2000 1000 1 86.83 PPG 2025 1012 62.30 RP 1343 1217.4 70.47 
MDl 125 2 40.38 MDl 125 2 37.98 
1,4-BD 45 1 6.92 1,4-BD 45 1 6.51 
P-MDl-3 TR-MDl-3 
Terathane 2000 1000 1 50.83 Terathane 2000 1000 1 56.12 PPG 2025 1012 77.16 RP 1343 1217.4 102.48 
MD! 125 2 33.88 MDl 125.0 2 36.83 
1,4-BD 45 1 5.8 1,4-BD 45 1 6.31 
T-MD! 
Terathane 2000 1000 1 158.0 
MD! 125 2 39.65 
1,4-BD 45 1 7.11 
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iii) The Terathane 2000 polymer polyol (45B/722 and 45B/725) Based 
Polyurethane Series 
Sample Equiv- Block Weight Sample Equiv- Block Weight 
alent Ratio Used alent Ratio Used 
Weight Weight 
(g) (g) ( g) (g) 
45B/722 722-T-60 
45B/722 1217 1 161.0 45B/722 1217) 1 64.096 MDl 125 2 34.71 Terathane 2000 1000) 91.138 
1,4-BO 45 1 5.95 MDl 125 2 40.31 
1,4-BO 45 1 6.91 
45B/725 
45B/725 1217 1 153.25 722-H-BD 
MDl 125 2 41.83 45B/722 1217 1 160.0 
1,4-BO 45 1 6.896 H1~MDl 131 2 34.4 
1, -BD 45 1 5.9 
20P/722 
45B/722 1217) 126.164 725-H-BD 
PPG2025 1012) 1 30.60 45B/725 1217 1 160.0 
MDl 125 2 39.674 H1~MDl 131 2 34.4 
1,4-BO 45 1 6.8 1, -BD 45 1 5.9 
722-T-20 
Terathane 2000 1000) 
1 
27.259 
45B/722 1217) 132.74 
MDl 125 2 35.74 
1,4-BO 45 1 6.12 
722-T-40 
45B/722 1217) 94.97 
Terathane 2000 1000) 1 60.559 
MDl 125 2 39.74 
1,4-BO 45 1 6.813 
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iv) '!be % E>ccess of the Stoichianetric 1lm:lunts of Diisocyanates Series [Block 
Ratio (1/2/1)] 
Sample Equiv- % Weight Sample Equiv- % Weight 
alent Excess Used alent Excess Used 
Weight Dii50- Weight Diiso-
(g) cyanate (g) (g) cyanate (g) 
RI 10 R7 20 
RP1343 1217.4 161.0 Terathane 2000 1000 119.53 
MDl 125.0 36.36 RP1343 1217.4 36.37 
1,4-BD 45.0 5.95 MDl 125.0 44.82 
1,4-BD 45.0 6.72 
R2 20 
RP1343 1217.4 161.0 R8 30 
MDl 125.0 39.67 Terathane 2000 1000 119.53 
1,4-BD 45.0 5.95 RP1343 1217.4 36.37 
MDI· 125.0 48.56 
R3 30 1,4-BD 45.0 6.72 
RP1343 1217.4 161.0 
MDl 125.0 43.125 R9 10 
1,4-BD 45.0 5.95 Terathane 2000 1000 86.83 
RP1343 1217.4 70.47 
R4 20 MDl 125.0 39.80 
RP1343 1217.4 159.72 1,4-BD 45.0 6.51 
MDl 125.0 41.25 
1,4-BD 45.0 5.9 RIO 20 
Terathane 2000 1000 86.83 
R5 20 RP1343 1217.4 70.47 
RP1343 1217.4 159.72 MDl 125.0 43.42 
MDl 125.6 41.25 1,4-BD 45.0 6.512 
1,4-BD 45.0 5.9 
R11 30 
-R6 10 
Terathane 2000 1000 119.35 Terathane 2000 1000 86.83 
RP1343 1217.4 36.378 RP1343 1217.4 70.47 
MDl 125.0 41.09 MDl 125.0 47.03 
1,4-BD 45.0 6.724 1,4-BD 45.0 6.512 
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Sample E'quiv- % Weight Sample E'quiv- % Weight 
alent Excess Used alent Excess Used 
Weight Diiso- Weight Diiso-
(g) cyanate (g) (g) cynate (g) 
R12 10 H5 20 
Terathane 2000 1000 86.108 Terathane 2000 1000 91.47 
R1343 1217.4 69.89 PPG2025 1012.4 61.71 
H1~I 131 41.35 H1~I 131.0 48.0 1, -BD 45 6.45 1, -BD 45.0 6.86 
R13 20 H6 30 
Terathane 2000 1000 86.108 Terathane 2000 1000 91.47 
RP1343 1217.4 69.89 PPG2025 1012.4 61.71 
H1~MDI 131.0 45.10 H1~I 131.0 52.0 
1, -BD 45.0 6.45 1, -BD 45.0 6.86 
R14 30 P4 10 
Terathane 2000 1000 86.108 PPG2025 1012 154.0 
RP1343 1217.4 69.89 H1~MDI 131.0 43.69 
MDI 131.0 48.86 1, -BD 45.0 6.82 
1,4-BD 45.0 6.45 
P5 20 
R15 30 PPG2025 1012 154.0 
RP1343 1217.4 159.72 H1~MDI 131.0 47.66 
H1~I 131.0 44.68 1, -BD 45.0 6.8 1, -BD 45.0 5.9 
P6 30 
H4 10 PPG2025 1012 154.0 
Terathane 2000 1000 91.47 H1~MDI 131.0 51.63 
PPG2025 1012 61. 715 1, -BD 45.0 6.82 
H1~I 131.0 44.0 1, -BD 45.0 6.86 P7 10 
PPG2025 1012 154.85 
MDI 125 42.07 
1,4-BD 45 6.88 
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Sample Equiv- % Weight 
a1ent Excess Used 
Weight Diiso-
(g) cyanate ( g) 
P8 20 
PPG2025 1012.4 154.00 
MDl 125.0 46.00 
1,4-00 45.0 6.88 
P9 30 
PPG2025 1012.4 154.00 
MDl 125.0 49.72 
1,4-BD 45.0 6.88 
PlO 16 
PPG2025 1012.4 154.85 
H1esl 131.0 46.0 1, -BD 45.0 6.8 
R16 10 
RP1343 1217.4 151.00 
H12MDl 131.0 35.73 
M)CA 133.5 17.00 
R17 20 
RP1343 1217.4 151.00 
Hlt'lDl 131.0 38.98 
M)CA 133.5 17.00 
R18 30 
RP1343 1217.4 151.00 
H1t'lDl 131.0 42.22 
M)CA 133.5 17.00 
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3.8 CALOJIATICN OF THE Hl\RD SEGIENl' cx::.Nl'ENl' 
The hard segment in polyurethane results from the reaction of 
isocyanate with chain extender and can be represented by 
where U is the diisocyanate unit 
G is the chain extender unit 
n is the number of chain extender units used a=rding to the 
block ratio i.e. for the block ratio of 1/2/1, n is equal to 1 
Therefore for a polyurethane composed of the following materials, 
calculation of the hard segment can be detennined as follows: 
Materials Fquivalent Block Ratio Weight Used 
Weight g g 
H1zMDI 131 2 262 
Terathane 2000 1000 1 1000 
1,4-BD 45 1 45 
~(~7-<A ~ 1307g -
" 
Therefore weight of hard segment U( -OO--)n = 131 + (131+45) = 307g. 
Therefore hard segment % = 307 x 100 = 23.48% 
1307 
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3.9 CALCllLATION OF THE FREE ISOCYl\Nl\.TE a:Nl'ENl' IN THE PREPOLYMER 
Aliphatic and aromatic isocyanates react with amines to form 
substituted ureas a=rding to the equation: 
R - NOJ + R' - NH2 ... R - NHOJNHR' 
If the diamine is di-n-butyl amine the reaction can be represented by: 
R-NOJ+ 
aI:301z0!201z " o H 
N-C-N-R / 
aI:301z0!20!2 
The excess di-n-butyl amine which remains unreacted with the 
prepolymer can be back titrated with standard acid solution, as amines 
form strong basic solutions. 
Procedure 
A prepolymer sample of approximately 2g is accurately weighed in a dry 
conical flask and 5 m1 of ch1orobenzene is added to it. Twenty five 
m1 of standard di-n-butyl amine is then added to the prepolymer. The 
reactants are mixed for a few minutes until a clear solution is 
obtained indicating crnrpletion of the reaction. Two to three drops of 
brarophenol blue indicator is used which turned the solution colour to 
blue. The excess di-n-butyl amine is immediately back titrated with 
standard IN hydrochloric acid. The end point is reached when the blue 
colour disappears and yellow colour appears instead. This procedure is 
run on one 25 m1 blank di-n-butyl amine and every 15 minutes for the 
prepolymer until a constant value of % NOJ were reached which can be 
determined a=rding to the formula: 
V2 - VI % NOJ = 4.2 x N x lOOOW x 100 
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where N = normality of hydrochloric acid 
VI = volume of HCl solution required for titrating the sample 
(in ml) 
V2 = volume of HCl solution required for neutralising 25 ml of 
blank di-n-butyl amine in (ml) 
W = weight of prepolymer sample (g) 
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CHAPTER FOUR 
CHARACTER@ATION OF POLYURETHANE 
ELASTOMERS 
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4. ~TION OF POLYURE:lHlINE ELAS'l'GIERS 
Olaracterisation is the IlOSt important step in the production and ~_ 
IY'" "'----~-developnent of useful polymers. Polymer scientistS use a large m.nnber 
f-
of characterisation techniques to collect data relating the 
perfonnance of polymeric materials to chemical and physical structure. 
In the POlyurethane indusb:y several techniques have been implanented 
producing thoroughly analysed data rapidly and with rn:in:iJnal operator 
involvement to explain and elucidate the m::>de of action of each of the 
starting materials, and the way they affect the final products in 
different enviJ:011lll9nts and conditions. Today the characterisation 
tools used in the POlymer indusb:y, though sophisticated, are yet easy 
to use. 
The following are the most useful 
dynamic mechanical thermal analysiS, 
for urethane characterisation: 
spectroscopy· 
thermal analysis, infrared'" X-ray 
diffraction, optical methoda, and general mechanical testing. 
4.1 DYNAMIC MEXll1\NIC'AL PROPERTIES 
The polymer industry has long considered that dynamic mechanical 
analysis is a very effective and rapid tool to investigate in 
polYblends/block copolymer systems, the relaxation mechanism and 
elucidate the nature of their domain structures, and phase 
segregations. 
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Saunders and Frisch70 were the first to investigate the modulus-
temperature behaviour of POlyurethane elastaners extensively. They 
studied the effect of the different types of alternating hard and soft 
segments and chain extenders on the lOOdulus-temperature response of 
polyester-urethane elastaners. The rubbery polyester group affected 
only the lower transition location, while urethane segments influenced 
both level and breadth of rubbery rrodulus, with rrore bulky urethane 
segments yielding higher lOOdulus elastaners because of an increasing 
filler effect. 
M:ldulus-temperature studies of polyurethane elastaners proved the 
existence of a two phase structure as dem:>nstrated by the presence of 
two major transitions. The first transition occurred below room 
temperature, and is attributed to the Tg of the soft segment, while 
the other major transition takes place above roan temperature and is 
attributed to the hard segment. In addition to these two major 
tranSitions, Huh and Cooper71 observed four other secondary 
transi tions. However Van Bogart55 also observed one secondary 
transition at -130oC. 
Seefried72 observed two lower temperature, secondary relaxations, one 
being at -l30oC and ascribed to methylene sequence rrobility within the 
polyester and polyether units, and the other at -70oC which is 
assigned to a possible disruption of interfacial association between 
the hard and soft segment structures. All these secondary transitions 
are greatly affected by the chemical canposi tion and structure of the 
prepolymer and its thennal history. 
The dynamic properties of thenroplastic polyurethane elastaners have 
revealed the effects of canposition and structure of the starting raw 
materials. 
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Seefried72- 75 et al. in a series of four papers made a rn.nnber of 
important observations cancenU.ng the effects of variation of segment 
len;rth, diisocyanate structure, and the effect of cycloaliphatic chain 
extender on the dynamic mechanical properties, for a series of 
polycaprolactone based polyurethanes (MDI/BD and TOI/BD). They found 
that at a fixed rrolar concentration of hard segment, the Tg of the 
block copolymer decreased as the rrolecular weight of the soft segment 
increased72 . 
This variation was interpreted in tenns of the relative increase in 
the flexibility of the anorphous soft-segment structures. In oontrast 
increasing hard-segment ooncentration affected the Tg of the urethane 
polymers in a manner which is dependent on the rrolecular weight of the 
respective polycaprolactone-soft segments. The urethane polymers based 
on 830 Mn polycaprolactone dial exhibited a progressive increase in 
glass transition temperature at increased levels of hard segments. 
However, for a Fa-soft segment of 2100 Mn, the degree of interaction 
between the phases appears to be less pronounced and the Tgs of the 
polymer is relatively insensitive to hard segment concentration. This 
suggests that the extent of microphase separation between the hard and 
soft segments of these thermoplastic urethane elastomers is 
significantly influenced by the sequence len;rth of the soft segments, 
and the danain organisation within the block copolymer structures. 
The same workers also derronstrated that ccmpared with TO! elastaners, 
MDI-based polyurethanes possess a rrore perfect danain organisation due 
to short range order including crystallinity, and oonsequently sh:lw a 
higher extent of segregation between hard and soft segments. On the 
other hand the TOI-based polyurethanes sh:lwed a shift in the glass 
transition temperature to the higher temperatures, suggesting that the 
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structure, concentration and organisation of the hard segroont is a 
daninant factor with regard to the extent of danain segregation74- 75• 
Van Bogart55 repeated the investigation perfonned by Seefried et al. by 
studying the structure-property relationship of PCL-based segroonted 
polyurethanes. '!he starting materials were varied :in hard segroont 
type, Le. [MDI/BD] or [Hl:t1D1/BD], soft segment nolecular weight (830 
= 2000), hard segment content (23-77%), and thermal histozy. They 
found that lCM nolecular weight, soft segroont (UPCL-830), Figure 4.1, 
exhibi ted thermal and mechanical behaviour which indicated a 
considerable degree of hard segroont and soft segroont crnpatibili ty, 
s:ince only a single relaxation is observed, which is shifted to a 
higher temperature as the total hard segroont content of the material 
is increased. In the HPCL-830 series, the materials exhibited aspects 
of both canpatible and :incrnpatible systems as can be seen :in Figure 
4.2. At a lCM hard segroont content, the samples shJwed a single 
relaxation, i.e. Samples C and D, which was shifted to a higher 
temperature as the hard segroont content :increased. However, at higher 
hard-segroont contents e.g. Samples A and B the HPCL-830 materials 
exhibited b::>th aSs and i1I relaxation, which is a characteristic of an 
:incrnpatible system. 
Materials containing 2000 M. wt soft segment shJwed better def:ined 
microphase separation with only a minor degree of hard and soft 
segroont mixing at the :interface between phases, Figures 4.3 and 4.4. 
This indicates that the properties of one phase are generally 
independent of the norphology and volume fraction of the other phase. 
The effect of crosslinking on a series of Solithane 113 urethane 
polymers was analysed by M::xligOsky76 to determine heM the material 
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characteristics change with respect to glass transition temperature, 
glassy and rubbery modulus, and loss tangent. He found that as the 
amount of crosslinking increases the Tg is increased to higher 
temperatures. This is generally assumed to be caused by a distribution 
in the molecular weight between crosslinks. He also indicated that the 
tensile rrodulus is not drastically affected in areas other than Tg. 
4.1.1 ExperilTental Work 
4.1.1.1 Dynamic Mechanical Measuranents 
Dynamic mechanical measurements can be made either at constant 
temperature as a function of frequency, or at ocnstant frequency as a 
function of temperature. In both cases the stress (strain) is measured 
resulting fran the application of a sinusoidal strain (stress). 
If a sample is periodically stressed by a sinusoidal shearing stress 
of circular frequency 
strain will achieve a steady state ocndition after a few cycles. The 
amplitude of the steady state strain will lag behind the applied 
stress by a phase angle <5. 
" = "a Sin (wt-<5) 
provided the applied stress and strain lie within the range required 
for linear behaviour; the ratio of stress and strain and <5 depend 
only on w. 
The absolute dynamic modulus IEI: is defined as 
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E = °0 
'0 
The dynamic IIDdulus is frequently represented as a canplex m::x:1ulus E* 
E* = E' + iE" 
where E' is the real part of the m::x:1ulus and En is the imaginary part 
~
of the m::x:1ulus. E' is a measure of the stiffness of the material and 
is called the storage m::x:1ulus. En is called the loss m::x:1ulus and is a 
measure of the arrount of energy lost as heat during dynamic testing. 
E' and En are related to E and delta ( <I) by the equations, E' = E Cas<l 
and En = E Sin<l. The ratio of En to E' is dimensionless and is 
called the loss tangent of the material 
En tano = -E' 
the variation of the storage and loss IIDduli at oonstant frequency or 
at constant temperature, as shown in Figure 4.5. The effect of 
increasing or decreasing the frequency is to shift the tan <I curves to 
a higher or lower position respectively along the temperature axis as 
shown in Figure 4.6. 
4.1.1.2 ModulUS-Temperature Behaviour 
Modulus-temperature data obtained by the DMTA testing apparatus 
provides valuable information on the elastic modulus, major 
transitions, and compatibility of polymer materials. Classes of 
polymers such as semicrystalline plastics, crosslinked elastaners and 
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linear arrorpmus polymers exhibit typical responses in nodulus versus 
temperature measuranents as shown in Figure 4.777 • A linear arrorpmus 
polymer which has not been crosslinked is characterised by =ve A 
which shows a rubbe:ty plateau region follCMe<i by a continued rapid 
drop in m:x:lulus. Crosslinking results in an extended rubbe:ty m:x:lulus 
as shown by curve B until chemical degradation occurs at elevated 
temperatures. A semicrystalline plastic maintains a very high m:x:lulus 
fron the glass transition temperature (Tg) to the crystalline melting 
point (Tm) where the structural identity of the c:tystallites is 
destroyed as illustrated by curve C. 
Curves D and E characterise typical responses fron POlyurethane block 
copolymers. They show an enhanced rubOO:ty plateau region mere m:x:lulus 
changes little with increasing temperature, suggesting that the 
constituent blocks are incanpatible. The breadth and height of the 
rubbe:ty modulus region is found to be greatly dependent upon 
c::anp:)Sition and type of the constituent hc:l1Dpolymers, and IlOlecular 
\-/eight of the repeating segments. The temperature at which the rubbe:ty 
IlOdulus curve shows a rapid decrease in magnitude is taken as the 
maximum temperature above which the polymer can ro longer be applied 
in an engineering application. 
4.1.1.3 The Dynamic Mechanical Thennal Analysis Experimental 
Procedure 
All mechanical measurements of the polyurethanes prepared were made 
using a Dynamic Mechanical Thermal Analyser (Polymer Laboratories) 
(PL-DMI'A >*. The sample arrangement clx:lsen requires a rectangular bar 
of material which is firmly clamped at both ends. A third, central 
* Polymer Laboratories Ltd, Loughborough, Leicestershire, UK 
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Clamp also holds the specimen and is attached to a drive shaft linked 
to a mechanical oscillator. The frequency and amplitude (strain) of 
oscillation are preset and the resistance to the applied deformation 
is recorded as a function of the magnitude and phase of the sample 
displacement. The associated solid state electronics convert these 
signals autanatically to yield the dynamic storage (young's) roodulus 
and the loss tangent. The DMTA head and a block diagram of the 
electronics are shown in Figures 4.8 and 4.9 respectively. 
The thickness and width values of the sample were accurately measured 
using a micraneter and vernier callipers respectively. These values 
were used to detennine a specimen geanetry constant K. 
Single cantilever bending was chosen as the deformation rrode with the 
sample clamped between the fixed clamp and the drive clamp. 
K was calculated from the equation: 
K = b(\:P 
I 
where I = sample free (unclamped) length, metres 
b = sample width, metres 
t = sample thickness, metres 
The negative value of the logarithm of K to base of ten is entered in 
the appropriate thumbwheel register, to obtain absolute values of the 
storage roodulus. The samples were initially oooled to the starting 
temperature using liquid nitrogen and were then heated at a rate of 
40e min-l over a temperature range of approximately -lOOoe to 1500e 
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(depending on the polymer) under a dry nitrogen atmosphere. All 
measurements were conducted at I Hz. The log E' and tan b were plotted 
on an X-Y recorder (PL 2500 JJ). 
4.1.2 Results and Discussion 
4.1.2.1 Effect of Reaction Ratio 
For a fixed rrolecular weight of soft segment, variation in the block 
ratio and hence proportion of soft segment was seen to bring about 
considerable changes in the glass transition temperatures of the soft 
segments as can be seen in Table 4.1 and Figures 4.10-4.12. 
Figures 4.10 and 4.11 represent polyurethane elastomers based on 
H12MDI/Terathane 2000 and chain extended with 1,4-BD and MOCA 
respectively. Increasing the block ratio decreases the Tg of the soft 
segment. A similar conclusion was reached by Speckhard78 who had 
"J"""''J{"uc.\ 
shown that for a APC1yisobutylene/H1zMDI/1,4-BD system, a decrease in 
the soft segment glass transition temperature resulted when the hard 
segment length increased. However in=easing the hard segment content 
increases the softening temperature and evidence for this is shown by 
the enhancement of the rubbery mcdu1us due to the in=ease in the 
intercormectivity of the hard segment, which extended over a longer 
temperature range than the lower block ratio without showing a 
discernible high temperature transition, suggesting that the greater 
proportion of the hard segment dcmains provide a highly effective 
degree of physical cross1inking. This is generally characteristic of 
an incx:rnpatib1e system whereby the hard segment dcmains behave as 
filler particles and act as a reinforcement. The log modulus for 
higher block ratios maintains a high value through the glass 
transition region, and exhibits a well defined plateau region. This 
tends to decrease gradually as the temperature is increased up to the 
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melting po:int where a dramatic fall :in nodulus occurs. The qualitative 
behaviour of tano curves for the higher block ratios are seen to be 
different :in shape fron those of the lCMer block ratio polyurethanes. 
The tan Q peak associated with the soft segment phase was observed to 
be broad :in shape and to decrease :in magnitude as the hard segment 
content increased, due to the decrease :in the soft segment content. 
Figure 4.12 represents two polyurethane elastaners based on mixed 
polyol systems, :in the ratio of 80:20 of Terathane 2000 and RP1343/ 
MDI/l,4-BD. Higher block ratios are observed to :increase the tano 
peak temperature, and are :indicative of the greater fraction of hard 
segments dissolved :in the soft segments resulting :in a less flexible 
soft segment matrix. It is also believed that the presence of the 
grafted polyacrylonitrile and polystyrene which are dispersed :in the 
RP1343 did not offset the formation of the discrete soft and hard 
segments. Seefried et al?2 on working on the polycaprolactonejMDI/BD 
system have found a s:illlilar behaviour to the one observed here i.e. an 
:increase :in Tg with :increasing hard segment (MOI/BD). They ascribed 
this trend of behaviour to the greater solubilisation of urethane hard 
segments :in the soft segment matrix. Contrary to expectation, it can 
be seen that increasing the block ratio has reduced the thermal 
resistance considerably. However it is also observed that the rubbery 
nodulus ma:inta:ined higher values than those of the lower block ratio 
elastaners. The block ratio of 1/4/3 and higher polyurethanes which 
are based on 80% Terathane 2000 + 20% RP1343 as a soft segment and 
which attempted to use MOI/l,4-BD as the hard segment were found 
impossible to prepare due to high amounts of entrapped air being 
:inoorporated :into the polymer during the cha:in extension and mixing 
processes. 
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4.1.2.2 Effect of Mixed Po1yol 
In general all DMI'A scans for these polyurethane elastaners are based 
on a mixture of soft segments, whether they are mixtures of polyol s 
with polyol, or polyol with polymer polyol, showed one signal Tg on 1. 
the low temperature side, which indicates canplete miscibility between vI , ) ~ 
the different polyol mixtures i=espective of the mixing ratio used in 
the prograrnne. Also it can be concluded that the vinyl copolymer of 
polystyrene and acrylonitrile present in PPG 2025 and Terathane 2000 
did not hinder canpatibili ty between the pol yols mixed and hence a 
single Tg was observed. 
The position of the resulting Tg obtained by mixing the two different 
polyols is situated between the glass transition temperatures of both 
primary canponents. Polyurethane elastaners derived fron HltIDI with 
block ratios of 1/2/1, Figure 4.13, showed that mixing of Terathane 
2000 with RP1343 in the ratio of 80:20 shifted the Tgs of the 
Terathane 2000 to a higher temperature, but increasing the level of 
RP1343 above 20% did not alter the Tgs of the mixed soft segment. On 
the other hand we can say that the Tgs of RP1343 based polyurethanes 
are shifted to lower temperatures when Terathane 2000 is mixed with 
RP1343 , i. e. enhancement of the properties of RP1343 by incorporation 
of Terathane 2000 with it when forming polyurethane elastaners. This 
is demonstrated by the better mechanical properties obtained for 
samples TR-1 and TR-2 compared to sample RP in which the RP1343 
polymer polyol is used alone in the latter sample as a soft segment. 
Also of interest fron Figure 4.13a is that polyurethanes based on 100 
parts of RP1343 as a soft segment sample RP has higher IIDdulus at sub-
zero temperature than polyurethanes based on 100 parts of Terathane 
2000 Sample Tl. This suggests that the vinyl ocpolymer acts as a 
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filler to raise the modulus. Therefore mixing these two polyols 
together, up to the ratio of 60:40 of Terathane 2000 with RP1343 in 
the soft segment has improved the magnitude of the rrodulus in the 
region -20 to -60oC. No transitions above room temperature were 
observed for the ACN/PS copolymer as the sample started to melt before 
the Tg of ACN/PS could be detected, see Table 4.2:" 
Figure 4.14a shows that in the absence of the vinyl copolymer (Le. 
when only PPG 2025 is mixed with Terathane 2000) the change in Tgs of 
the Terathane rich mixture is small at up to 40% PPG 2025. After that 
a Significant change in Tgs is observed as the polyol mixture is 
enriched with PPG 2025. It can be concluded fron Tables 4.2 and 4.3 
that the presence of the dispersed phase in PPG 2025 has very little 
effect on the mixing between the soft and hard segments as will be 
discussed in Section 4.1.2.3. 
Figures 4.15 and 4.15a represent the modulus vs temperature and tanS 
vs temperature properties for polyurethane elastomers based on 
different mixing proportions of Terathane 2000 + RP1343/MDI/l,4-BD. 
With respect to all the Terathane 2000 based elastaners, mixing 20% 
RP1343 with 80% Terathane 2000 is seen to have lowered the Tgs of the 
soft segment very little ccmpared to that of all the Terathane 2000 
based polyurethane elastomers (i.e. sample T-MDI). This can be 
considered as an improvement in the microphase separation between the 
hard and soft segments. The presence of 40% RP1343 in the mixed soft 
segments with Terathane 2000 produced Only a slightly higher Tg than 
the Tg of all Terathane 2000 based PU'S, and the increase in 
temperature recorded was 30 C. 
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When 60% RP1343 is used with 40% Terathane 2000 a rise in Tg was 
achieved, which was aOe, but the value is still lower than the Tgs of 
that of an RP1343 only based polyurethane, Table 4.4. This can be 
considered as an advantage when mixing 40% Terathane 2000 with 60% 
RP1343 but it is gained at the expense of the cost of the polymer 
produced as Terathane 2000 is m:lre expensive than RP1343. It can be 
seen that approximately for each 20% increase of RP1343 in the soft 
segment mixture with Terathane 2000, there is a SaC rise in the Tgs of 
the soft segment mixture. On the other hand, adding 20% RP1343 to 
Terathane 2000 has improved the th~-considerablY, as can "l . 
be seen for the maximum value obtained for thermal stability with 
sample TR-MDI-l. Above this level of RP1343 in the soft segment 
mixture, the thermal stability was observed to decrease (see Table 
4.4) . 
Figure 4.16 shows that increasing the mixing ratio between Terathane 
2000 with 4SB/722 to (60:40) shifted the Tgs slightly to a lower value 
and this is thought due to the dilution effect of the dispersed phase 
in the 45B/722 polymer polyOl, and hence better phase separation 
between hard and soft segments. The thermal stability was observed to 
stay alI1Dst constant with increasing the Terathane 2000 ratio in the 
soft segment mixture (see Table 4. 5) • 
4.1.2.3 Effect of Using Polyrrer Polyol as a Soft Segrrent 
PPG 2025/H12MDI/l,4-BD polyurethane elastcmers have a soft segment 
glass transition of -32oe (Sample PI). Incorporation of 20% vinyl 
copolymer consisting of Am and PS with the PPG 2025 was found to 
change the glass transition temperature of the soft segment RP1343 
only one degree rise (Sample RP) in Table 4.6. For the PPG 2025/ 
MDI/l,4-BD system the Tg is -lSoe (Sample P-MDI), as the MDI/l,4-BD 
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allowed more mixing between the hard and soft segment dcmains; also 
adding the vinyl copolymer to the PPG 2025 at the level of 20% (Sample 
RP-MDI), did not affect the Tgs value very much and only a two degree 
rise in Tg of the soft segment was recorded. However, inoorporation 
of the dispersed phase raised the magnitude of the log storage modulus 
fron 5.213 and 6.283 in samples PI and P-MDI to the values of 6.390 
and 7.080 in samples RP and RP-MDI respectively (see Table 4.6). 
One can conclude that the presence of the grafted copolymer in the 
polyol of PPG 2025 did not prarote mixing between the soft and hard 
segments. Their presence only enhanced the modulus of the polyurethane 
elastomers produced, besides imparting rigidity to the backbone 
causing the soft segment glass transition temperature to increase very 
little (see Figures 4.17 and 4.17a). 
Figure 4.18 represents DMTA scans for polyurethane elastomers in which 
the soft segments are Terathane 2000, 45B/722 and 45B/725. With the 
help of Table 4.6, we can see that adding the vinyl oopolymer to 
Terathane 2000 shifted the Tgs of the base polymer upwards as much as 
40 e and that this results when the vinyl oopolymer oontains 50:50 
ACN:PS ratio. When the ACN:PS ratio is 30:70 the Tgs were observed to 
be one degree less than that of the base polymer. However the modulus 
of both polymers whether the soft segments are 45B/722 or 45B/725 
maintained a oonstant value over a temperature range of up to 150oe, 
which means that the addition of the vinyl copolymer has enhanced the 
thermal stability of the polyurethane elastcmers markedly. It would be 
advantageous to mention here that the 50:50 ratio of ACN:PS exhibited 
better thermal stability than the 30:70 ACN:PS ratio, by as much as 
lOoe, and that this is in agreement with the DSe scan of Figure 4.51, 
which shows that the 45B/722 sample melted at lower temperatures than 
the sample 45B/725. 
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The 45B/722 polymer was observed to exhibit a small additional plateau 
after the glass transition temperature of the soft segment changes, 
and this in turn was followed by a further drop in rrodulus at about 
250 C, it is believed, due to partial crystallinity being exhibited by 
the soft segment. This ordered structure was not affected by the 
presence of the vinyl copolymer, which is considered to reinforce the 
polymer, above the soft segment glass transition temperature; however 
this structure is seen to have melted completely at about 250 C. 
4.1.2.4 Effect of Using the Conbination of Polymer Polyol and catalyst 
Figures 4.19 and 4.19a represents the DMrA scans for polyurethane 
elastaners based on Terathane 2000, 45B/722 and 45B/725 as the soft 
segment and HI2MDl/l,4-BD as the hard segment. It can be seen that 
samples 722-H-BD and 725-H-BD have the same Tgs as the Tgs of the all 
Terathane 2000 based polymer (Sample T1), and although they have a 
higher modulus, their thermal stability is sanewhat inferior to that 
of sample T1. Adding catalyst to both polymer polyols of 45B/722 and 
45B/725 during the chain extension process has boosted the thermal 
stability of the polyurethane to a higher extent; on the other hand 
their Tgs have shifted up by ~C, indicating that the catalyst is 
promoting phase mixing between the hard and soft segments (see Table 
4.6) • 
4.1.2.5 Effect of Diisocyanate Type 
By examining the DMrA scans of Figures 4.20 to 4.23, it is clear that 
for a fixed soft segment and fixed chain extender, the Tgs is highly 
dependent upon the type of diisocyanate used, Table 4.7. Polyurethanes 
derived from H12MDl shows a lower softening point in comparison with 
analogous MDl based polyurethanes. The cyclohexane ring in the 
structure of the diisocyanate is considered responsible for the 
increased mobility within the hard segment leading to easier 
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deforrnability of the polymer. On the other hand Hl2MDI based 
polyurethane elastomers gave polymers with much better phase 
separation than MDI based polyurethane elastomers as evidenced by the 
low Tgs of the soft segment due to the presence of a purely aliphatic 
network and the absence of a rigid arcrnatic structure in the backbone. 
This finding is consistent with the findings reached by Aitkens and 
Jeffs79 and Van Bogart60 who observed the same behaviour of MDI and 
H12MDI diisocyanates polyurethane elastomers based on polycaprolactone 
polyols. In addition MDI based polyurethane elastomers exhibited 
higher temperature stability and this may be attributed to their 
increased degree of hard segment ordering, and better mechanical 
properties over those of the HlzMDI based polyurethanes. The HlzMDI 
hard segments are generally not crystallisable; they are capable of 
developing paracrystalline type structures. Despite the fact that no 
large scale ordered structures or crystalline regions have been 
detected, no hard segment glass transition was shown. This behaviour 
is not indicative of a high degree of phase mixing. On the contrary, 
we can assume that the low soft segment glass transition temperature 
for the HI2MDI/l,4-BD polyurethane elastomers indicates the presence 
of a high degree of phase separation than the equivalent MDI/l,4-BD 
polyurethane elastcmers (see Table 4.7). 
4.1.2.6 Effect of Using Excess Diisocyanate an Polyurethane structure 
Figures 4.24-4.32a and Table 4.8. 
DMTA scans reveal that using an excess of the stoichiometric amount of 
diisocyanate can lead to an increase in the glass transition 
temperature of the soft segment due to the inhibition of the polymer's 
tendency to crystallise and hence more phase mixing will result 
i=espective of the type of soft segment. The increase in the soft 
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segment glass transition value is more when MDI is used in place of 
the H12MDI. It has been observed that the use of excess MDI 
diisocyanate allowed the plateau rubbery modulus to remain stable over 
a much longer temperature range, which means an increase in the 
thermal properties of polyurethanes. This enhancement in thermal 
stability is attributed to the development of heterocyclic 
isocyanurate structure, whose decanposition temperature is quite high, 
resulting in their excellent high temperature properties. The tan b 
curve seems to be more broadly based than those of the purely 
thermoplastic materials (i.e. those not containing excess NCO). This 
reflects the increased hard segment content of these polymers. Also of 
interest is that for all soft segments used in this research, the 
optimum amount of excess diisocyanate seen to give the best properties 
is 20%; above this level the enhancement in the properties is 
considered not enough to justify the use of higher levels of excess 
diisocyanate, as diisocyanates are expensive materials. 
4.1.2.7 Effect of Chain Extender Type 
Figures 4.33a-4.37 and Table 4.9. 
The 1,4-BD chain extender when used with Terathane 2000 or PPG 2025 or 
a mixture of them produced polymers with a higher degree of phase 
separation and higher purity of soft segments than the co=esponding 
polyurethanes in which MX'A was used. This is reflected by the lower 
Tgs for the 1,4-BD series than the equivalent M)CA series, Figures 
4.33a, b and c. 
When Terathane 2000 was mixed with RP1343 in the ratio of 80: 20 as 
soft segments and then the canbination of H12MDI/MX'A was used as a 
hard segment, the resultant Tgs are lower than those of the polymers 
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chain extended with 1,4-BD (Figure 4.34) and this is expected as M:JCA 
to 
gives a better defined phase separation due). the polarity of the urea 
groups produced. Higher mixing ratios of Terathane 2000 and RP1343 of 
40:60 shcMed the reverse to apply (Le. 1,4-BD chain extender polymers 
have lower Tgs than M:JCA chain extended polymers) (see Figure 4.35). 
Polyurethanes based on the polymer polyol of RP1343 have approximately 
the same Tgs whether they are 1,4-BD or M:JCA chain extended (see 
Figure 4.36). Polymers based on RP1343/H1:tIDI/1,4-BD shcMed a little 
lower values of Tgs than polymers based on the polyol PPG 2025 when 
MJC1>. was used as a chain extender (see Figure 4.37). Apart frcm the 
above statement, the thermal stability of the all MJC1>. chain extended 
polymers are nn.Ich higher, Le. are about double that of the 1,4-BD 
chain extended POlymers (see Table 4.8). 
4.2 DIFFERENTIAL SCANNlNG CALORIMETRY 
In the evaluation and characterisation of PU elastomers, thermal 
analysis has beccme bcth a significant and one of the basic analysis 
techniques. This technique canprises several procedures, these being 
DSC, DTA, DMA and '!'G. Arrong the techniques listed, DSC is the most 
widely used of all thermal analysis techniques to investigate 
structure and morpholcgical changes in elastaners, besides providing 
further infonnation about interaction and structural organisation of 
polymeric PUIS. DSC detects four characteristic transitions common to 
polyurethane samples of varying canposition. These are as follows: 
1. Transition below roan temperature which is assigned to the Tg of 
the soft segment. The position of the Tg of the soft segment is 
taken as an indication of the degree of phase separation. 
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Van Bogart60 et a1. rerorted that the (Tg) for a low rrolecular 
weight soft segment increases as the hard segment content 
increases. This is believed due to rrore mixing between the hard 
segment clcmains and the soft segment matrix, which results in a 
less flexible soft segment matrix. Furthenrore they concluded 
that the (Tg) of higher M.wt soft segment materials is rather 
insensitive to change in hard segment content. 
Hesketh et al?O studied morphological changes in segmented 
elastaners induced by annealing and quenching using DSC. They 
found that the annealing prccess has increased the (Tg) of the 
soft segment, suggesting that annealing prarotes phase mixing, and 
giving less pure soft segment domains. Higher annealing 
temperature favcurs rrore mixing of the phases and this results in 
higher Tg values immediately after quenching. It was further 
noted that the shift in (Tg) was smaller for those materials 
having crystalline hard segments than those having arrorphous hard 
segments. They have also observed that when increasing the time 
after quenching, the Tg values of the soft segment decreases and 
apprcaches an equilibrium value. 
Schneider et al?l working on transition behaviour and phase 
segregation in TDI polyurethane found that in the 2,4-TDI 
rolyurethanes extensive phase mixing occurs, indicated directly by 
IR results, whereas in the 2,6-TDI samples hard segment 
crystallisation provides a strong driving force for phase 
segregation. The net effect of the phase mixing is to raise the 
(Tg) of the soft segment. Thus where the low temperature 
properties of PU's are imrortant, the choice of rolyether rather 
than polyester and the use of 2000 rather than 1000 M.wt soft 
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segment is preferred, since the H-OOnding of ester is s~er 
than the H-OOnding of ether. Seefried et al?3 fOLmd that for PO..-
based polyurethane, the Tg of the elastaners shifted to higher 
temperatures as the sequence length of the soft segment is 
decreased. They may be interpreted as a molecular weight effect 
for the soft segments which are attached to the relatively 
inm:>bile hard segments [MOI/BD]. 
2. Transitions in polyurethanes above rcx:m temperature are observed 
to fall into three separate regions: 
a) I - transitions in the region of 60-ScPC 
b) II - transitions in the region of l20-lS0oC 
c) III - transitions in the region of lSO-2ocPC. 
Those endotherms which are observed to occur above room 
temperature are associated with hard segment danains. Also they 
are a function of the annealing conditions and not of sample 
composition or type. The earlier interpretation for these 
endotherms was attributed to the disruption of the H-bonds between 
urethane-prepolymer, and urethane-urethane H-bonds and the 
disruption of the microcrystalline danains. Clough et al ~3 , and 
Miller et al ~2 suggested that a transition occurring at ScPC is 
due to the dissociation of the urethane-soft segment H-bonds, 
while the II-transition is ascribed to break up of inter-urethane 
H-bonds. Heat treatment of PU materials revealed that the I-
endotherm oould be oontinuousl y improved by annealing as evidenced 
by consistent shifts upwards to merge with II-endotherm, and the 
merged endotherms may be transformed into the III-region by 
further annealing, resulting in a DSC curve sh:Jwing only a single 
high temperature peak. 
118 
Interpretation of these results in terms of H-bond dissociation 
requireS that no dissociation occurs in a well annealed sample below 
the transition at l60oe. This is in contrast to the actual H-bond 
breakdown behaviour as shown by 1R spectroscopy. The level of H-
bonding prog:z:essively decreased with increasing temperature, as long 
as the temperature is above the Tg of the hard block (about 80oe) and 
even at 2000 e there is still sane hydrogen bonding present1. 
The latter studies of these endotherms showed that the thermal 
behaviour of segmented puIS is m::>re canplex than =iginally thought. 
Seyrrour and Cooper83 , 84 studied the effect of annealing temperature 
(up to 200oe) and time on the thermal response of polyester and 
polyether puIS using DSe analysis. Transition behaviour is strongly 
dependent upon thermal history as shown in Figure 4.38. Three 
characteristic endotherm transitions were observed: (I) an endothenn 
centred at approximately 700 e which was attributed to the disruption 
of danains with limited short-range order; (Il) a transition of 120-
1900 e which represented the diSSOCiation of danains containing long-
range order; and (Ill) a transition above 2000 e which was attributed 
to the melting of crystal lites of the hard segments. They also 
dem:::>nstrated that short range ordering could be continuously improved 
by annealing as evidenced by consistent upward temperature shift of 
erulothenn I until its merger with endothenn Il. Greater shifts were 
c=related with higher annealing temperatures. Endotherm II could be 
shifted into the region of endotherm III by severe annealing at long 
times if the hard block was of a sufficient length to produce a 
mi=rystalline dcmain. 
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Samuels and Wilks85 supported the above claims by =king on materials 
with non-hydrogen bonding and very lCM or no CJ:yStallini ty and they 
attributed the two peaks obtained fron a DSC scan to the sOOrt range 
IlOtion of the hard segments into a structure of 1= energy and not 
to the hydrogen bonding disruption since the materials under 
investigation were incapable of forming hydrogen bonds. Therefore for 
a material exhibiting behaviour analogous to PU elastomers, the 
annealing-induced endotherms are neither associated with H-bonding nor 
are they unique to pu' s. 
Bogart, Bluemke and c=per86 studied the annealing-induced ordering in 
a variety of segmented PU's, and they showed that, in general, 
annealing resulted in an endothermic peak at a temperature 20-50oC 
above that of the temperature of annealing. This annealing endotherm 
was ascribed to the disruption of ordered segments-structure resulting 
fron the reorganisation of lesser segment orders into IlOre perfect 
arrangements upon annealing. 
Annealing endotherms were observed in both semicrystalline and 
amorphous materials and could originate from either hard or soft 
segment dana1n structures depending on the thermal history of the 
sample. It was further noted in materials where both segment types 
were crystalline, improvements in the degree of crystallinity of one 
phase as a result of annealing, resulted in enhanced crystallinity of 
the other phase. In general annealing at higher temperature results 
in larger annealing endotherms, unless the temperature of annealing 
exceeded that of CJ:yStalline segment melting. 
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4.2.1 Exper:inental wad< 
DSC measurements were made on samples using a Du Font Instrument, 
Thermal Analysis 2000 with DSC 910. Samples were weighed a=ately 
and placed into the altnniniurn pan, placing an altnniniurn lid on top to 
ensure sealing of the samples, which were then transferred to the cell 
and placed on one of the platforms, Figure 4.39. The empty pan was 
used as a reference and placed on the other platform of the cell. The 
cell was heated at a constant rate of 10°C min-l fron roan temperature 
to 240°C • A flow of dry nitrogen was used at a rate of 70 cc min -1 as 
an inert gas to prevent oxidation of the sample during the run. A few 
samples were quenched by liquid nitrogen fron the melt and they were 
then rerun again intnediately after quenching. The thermal analyser 
apparatus was calibrated with indium as a reference standard which has 
a crystalline melting point of 156.60C. DSC samples were prepared 
fron cast rroulded sheets. 
4.2.2 Results and Discussion 
The DSC scans were conducted fron roan temperature upwards to 240°C, 
with the DMrA facility being used to measure the lower temperature 
transitions. The DSC results obtained for all polyurethanes prepared 
are SLIImlarised in Tables 4.10-4.27 and Figures 4.40-4.57. In these 
tables the transitions observed to 0= above roan temperature are 
registered. As discussed before these transitions are related to the 
hard segment danains. Transition I indicates the maximum temperature 
at which the polymer is considered to maintain thermal stability. 
All the polymers prepared showed a small soft segment melting 
endotherm in the region of 25-43oC, and the number of endotherms is 
seen to be dependent on the polymer canposition. It is believed that 
the mul tiendotherms are due to the presence of crystalline Terathane 
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2000 and to the presence of poly(oxyethylene) polyether which is 
canbined with the PPG 2025 or RPl343 as a balancing agent to CXJntrol 
the final hydroxyl mnnber. 
The DSC thermogram of polyurethane containing RPl343 in the soft 
segment showed a glass transition tanperature consistent with that of 
acylonitrile and a melting endotherm appropriate to that of 
polystyrene with respective values of around +lCXPC and 150-170oC. The 
position of these transitions did =t change with any of the samples 
in which they were present and therefore the subsequent discussion of 
the results will not take them into consideration unless it is 
considered vi tal to incorporate them into the discussion. 
Multiple melting points are detected in many polyurethane elastaners 
in which MDI/l,4-BD canbinations form the hard segments, and this is 
considered as evidence of the melting of micro- or paracrystalline 
hard segments due to the preferred separation of these presumably 
similarly sized hard segments. 
4.2.2.1 Effect of reaction ratio 
Figures 4.40-4.42 are the DSC thenrograms relating to the effect of 
changing the reaction ratio, and hence the transition tanperature of 
polyurethanes, prepared fron different raw materials. The results 
obtained from these figures are summarised in Tables 4.10-4.'1'2. 
Figure 4.40 represents a DSC scan of a series of polyurethanes based 
on Terathane 2000/H1:tIDI/1,4-BD. The lowest reaction ratio (1/2/1) 
does =t exhibit any hard segment crystallinity, and only one large 
enclothermic region is observed, which is considered to be the melting 
of the hard segment. This is confirmed by the JlVII'A curve which showed 
that melting of the polymer cannences at 60oC. It is well known that 
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Hl~I is a mixture of three isaners79 , cis-trans, trans-trans and 
eis-eis, and here in a 1/2/1 type polyurethane cannot easily fonn 
highly ordered or Semi-crystalline regions in its hard segments due to 
the greater difficulty such a mixed isomer system would have in 
packing correctly. However in polyurethanes of higher block ratios, 
e.g. 1/3/2 or above, the longer hard segments from the H12MDI 
canponent is thus more likely to fonn paracrystalline or large ordered 
regions. This behaviour is not unusual 55, 60,87 and is indicative of 
phase segregation structures made up of shorter and longer hard 
segment units. In conformation of this hypothesis it is seen that 
these higher block ratios of polyurethanes exhibited two large 
encbthenns. The first peak presumably due to the melting of the short 
ordered structure of hard segments; the other endothenn is considered 
to be the melting of the danains containing longer hard segments. 
Figure 4.41 represents polymers fron Terathane 2000/HlzMDI/MXA, and 
fron the scan it is clear that the I-transition is well defined with 
all the three various reaction ratios used. For the 1/2/1 block ratio 
the soft segment melting encbthenn is associated with the I-transition 
of the short ordered hard segments, therefore one broad encbthenn 
emerges covering a temperature range of 42°C to l40o C. Another 
melting encbthenn has been observed at 184°C which is ascribed to the 
melting of the polymer. As the reaction ratio changes fron 1/2/1 to 
1/4/3, the I-transition becomes narrower and its tenperature peaks 
rrove to higher values; also the polymer melting point decreases. The 
highest block ratiO polyurethanes seem to exhibit the lowest melting 
temperature which is about 174°C. This is thought to be the result of 
poor molecular arrangement progressively occurring as the length of 
the hard segment increases. 
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Figure 4.42 is a DSC thenrogram of polyurethane elastaners based on a 
mixture of soft segments consisting of the Terathane 2000 and polymer 
polyol RP1343 in which MDI/l,4-BD fonns the hard segments. In this 
series the higher block ratio POlyurethanes shcMed a broad endotherm 
around 800 C with this being as=ibed to the disruption of the sh:>rt 
range order induced in the polyurethanes by rocrn temperature annealing "\ 
storage. This peak is absent in a polyurethane which is thermally, rl,\ I 
scanned inmediately after the sample is quenched fron the melt (rot \ !J\f\'v ! 
shown in the thesis). Sample TR-MDI-l has a 1= block ratio and also 
had been prepared a long time before sample Nl. The former sample 
shcMed a distinctive I-transition, whereas sample Nl shcMed a broad 1-
transition. This suggests that the 1/3/2 block ratio developed a 
higher proportion of sh:>rt range order structures during the long term 
storage enriched with the soft segments. This is confirmed by the CMI'A 
results which showed that more mixing of hard segments and soft 
segments are accanplished with higher block ratio (Tg = -3oDC) than 
with 1= block ratio (Tg = -36oC). Polymers with higher block ratios 
are observed to start melting at 1= temperatures than the 1= 
block ratio polyurethanes, see Figure 4.12. This finding is identical 
to the result obtained by Camberline88 et a1. who reported a decrease 
in melting point with the increase in hard segment 1§Tl9th. AlSO the 
~----
higher block ratio PU (sample N1) shcMs the deve10pnent of multiple 
melting endothenns, developed fron the fonnation of different hard 
segments of varying melting points resulted fron the reaction of the 
chain extender 1,4-BD with the MDI diisocyanate. These multiple 
endotherms have been taken as an indication of the marked decline in 
the perfection of the molecular arrangement when the length of the 
hard segment becanes sufficiently large. 
124 
4.2.2.2 Effect of mixed polyols 
a) Polyol + Polymer Polyol 
DSC the:rnograms for polymers with mixed polyolS were 00 different fron 
tlx:>se of the single soft segment based polyurethanes. Figure 4.43 
shows DSC theJ:nogram of Hl:tIDI based polyurethanes prepared with 
different proportions of Terathane 2000 (PlM) and RP1343 (PR:; 2025 + 
polystyrene + polyacrylonitrile), and chain extended with 1,4-BD. It 
can be seen that as the amount of each major canponent in the soft 
segment dcrninates each of the other canponents, the polymer melting 
endotherm accordingly shifts towards the melting temperature of the 
pure major canponent, therefore a soft segment of say 80% Terathane 
has a higher melting peak temperature than samples containing only 40% 
Terathane (Table 4.13). The presence of the dispersed phase of 
acrylonitrile and polystryene in the soft segment mixture did oot 
bring abcut any structural changes, as evidenced,by the DSC scan, and 
1 ". • , ;. ,,' A ;, ~ ~ , 
is supported by the DMI'A curve in Figure 4.13. The only differences 
were the appearance of the glass transition temperatures of the 
acrylonitrile/polystyrene ccpolymer around +l000C and the melting 
endothenn of polystyrene about +150oC. They appeared whenever RP1343 
is used with Terathane 2000 irrespective of the mixing ratio. As the 
amount of RP1343 increased in the soft segment mixture, those 
transitions becane larger and the polystyrene melting endothenn rroves 
to a higher temperature. For pure RP1343 this endotherm peaks at 
184oC. 
The slight reduction of the melting point of the polyurethane when 
RP1343 is mixed with Terathane 2000 is attributed to the slight 
decrease in the hard segment content and to the incorporation of 
irregular structure of RP1343 which disturbs the molecular 
arrangements and therefore reduces the melting point of polyurethane 
elastauers (Table 4.13). 
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Figure 4.44 represents the DSC scan of the soft segment mixture as 
seen in Figure 4.43, with MDI diisocyanate being used instead of 
H1tIDI. The scan showed that as the percentage of RP1343 increased in 
the soft segment, the endotherms belonging to polystyrene and 
acrylonitrile appeared, but they were smaller in size than those in 
which H1tIDI is used (see Figure 4.43). The jll[)I/1, 4-BD is presented to 
form an ordered structure which is influenced by the presence of the 
RP1343. When 20% RP1343 is used two connected melting endotherms 
appeared. The first is believed to be the melting of the ordered 
structure and the other to the melting of the hard segment. This 
ordered structure diminishes as the percentage of RP1343 increases due 
to the introduction of irregularities in the polymer structure 
introduced by the presence of the PPG. For the 40% RP1343 in the soft 
segment, the endothermic peak appeared as a small shoulder on the low 
temperature side of the urethane melting peak. For the 60% RP1343 
polymer, the ordered structure canpletely disappeared, and only large 
endothenn merges which is assigned to the urethane melting endothenn 
appeared at 2030 C, Table 4.14. This was in good agreement with the 
DMI'A reSUlts, which showed that as the levels of RP1343 increases, in 
the soft segment mixture, the Tgs increase due to llOre phase mixing. 
Polyurethanes made of RP1343 with hard segments of jll[)I/l,4-BD shcMed 
only one broad melting endotherm ranging frcm l68-203oC. 
Figure 4.45 and Table 4.15 shcM the effect of using Terathane 2000 and 
RPl343 in different proportions with Hl2MDI diisocyanate, the 
prepolymer being chain extended with MJCA. It can be seen that these 
polyurethane elastomers were less susceptible to storage annealing at 
roan temperature, as evidenced by the weak and broad endothenn in the 
region of 60-1050 C, than polyurethanes chain extended with 1,4-BD. The 
diamine chain extender developed a hard segment melting endothenn 
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which covers a temperature range of l65-2050 C, and as the anount of 
RP1343 increased in the mixture of the soft segment, this region 
becanes smaller and a little sharper. For 60% RPl343 (Sample TRM-3) 
this region is converted to a smaller sharp peak at 19'fJC, which is 
assigned to the melting of the hard segment. 
Figure 4.46 and Table 4.16 represent a DSC scan of p:llyurethane based 
on the use of 45B/722 as the soft segment and in which 20% of 
dispersed particles of Am and PS in the ratio of 1: 2 are used with 
MDI/l,4-BD as the hard segment. All the curves showed the melting 
endotherm of rocrn temperature annealing induced structures at 70oC. 
The 45B/722 sample showed a melting endotherm relating to the presence 
of Am and another large endotherm related to the melting of the hard 
segment at l750 C. When pure Terathane 2000 is added with the 45B/722 
p:llymer p:llyols in different prop:lrtions (Samples 722-T-20, 722-T-40, 
and 722-T-60), the Am glass transition temperature diminishes and 
reaches a rninirrrum as the =t of Terathane 2000 is increased in the 
mix of the soft segment. At the same time the large endotherm at l750 C 
splits into twD connected defined endotherrns indicating the formation 
of paracrystalline structures for the hard segment with different 
melting temperatures which are shifted to higher values. 
b) Polyol + Polyols 
Figure 4.47 and Table 4.17 represent the DSC scan of p:llyurethane 
elastomers based on H12MDI and prepared fron mixing PPG 2025 with 
Terathane 2000 as a soft segment and chain extended with 1,4-BD. The 
scan clearly demonstrates the flexibility produced by the 
:in=rp:lration of twD p:llyols into the p:llyurethane. Also of interest 
is that the DSC scans showed heM the incorp:lration of PPG 2025 into 
the formulation of soft segment with the Terathane 2000 did not 
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inhibit the crystallisation of the Terathane and a slight depression 
of the melting point of Terathane 2000 :results, especially in Sarrple 
H3. Confinnation of this observation was observed fron the ageing test 
in which this sample melted in the oven at lOOoe and was not able to 
support its own weight. Only a small anount remained behind in the 
supporting grips of the ageing oven and this did not melt, thereby 
suggesting different structures have been fanned during the synthesis. 
Each structure apparently retains its own characteristics in the 
polyurethane elastaners, and those structures disrupt the ability of 
the hard segment to fonn disc:rete phases, :resulting in weak materials. 
Each curve shows a large melting endothenn at abcut BOoe which is 
attributed to the melting of the hard segment. This temperature was 
not altered by the percentage of PPG 2025 in the soft segment 
suggesting that the presence of the PPG 2025 reduces the melting 
temperature of the polyurethane elastaners considerably. 
Figure 4.48 is a DSC scan based on a polyurethane of H12MDI 
diisocyanate with a mixture of Terathane 2000 and PPG 2025 in 
different proportions fonning the soft segment canponent and the wmle 
chain extended with MX'A. It is clear that MX'A has influenced the 
melting endotherm of the I-transition appreciably and instead of 
having a sharp endothenn as in Figure 4.47 where 1,4-BD was used, we 
observed a broad melting endothenn which suggests the overlapping of 
the annealing induced endothenn with the melting of the sh:>rt ordered 
hard segment, due to mo:re mixing of hard and soft segments. This has 
been supported by the higher soft segment glass transition temperature 
(see Table 4.18) canpared with the polymers chain extended with 1,4-BD 
(Table 4.16), which have lower soft segment glass transition 
temperature. This is brought about by the presence of the irregular 
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structured PPG 2025 which altered the formation of a discrete soft 
segment matrix, and allowed nore phase mixing to take place. Sample 
THM-l showed distinctive I and II transitions since only Terathane 
2000 is used and no PPG 2025 is mixed with it. It is believed that 
when MOCA is used with a mixed soft segment system specifically 
similar to the one used here, more phase mixing between the hard and 
soft segments will result than when using 1,4-BD. 
Figure 4.49 and Table 4.19 represent a DSC scan for a polyurethane 
based on MDI/l,4-BD as a hard segment, and the soft segment being a 
mixture of Terathane 2000 and PPG 2025 in various proportions. All 
curves showed broad melting endotherms of about 65-90oC, assigned to 
the roan temperature annealing induced associated with the melting of 
I-transition. The exact position depends on the amcunt of PPG 2025 
carponent in the soft segment, e.g. the higher the PPG 2025 proportion 
in the soft segment mixture, the broader is the peak endotherm. This 
is attributed to more phase mixing between the soft and hard segments 
as evidenced by the higher Tgs for samples P-MDI and P-MDI-3. No long 
ordered hard segment structures are observed in the DSC curves with a 
mixed soft segment as all the curves exhibited only one endothennic 
peak. This endotherm grew in size and shifted to slightly higher 
temperatures when 20% PPG 2025 was added to 80% Terathane 2000 (Sample 
P-MDI-l). Higher proportions than 20% PPG 2025 in the soft segment 
mixture produced large and sharp peaks, and the peak temperature 
shifted to higher values. 
4.2.2.3 Effect of dispersed phase in polyols 
Figure 4.50 and Table 4.20 represent a DSC thermogram to demonstrate 
the effect of the dispersed phase in the polyol on the transition 
temperatures for polyurethanes based on Hl~I/l,4-BD as the hard 
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segment and PPG 2025 and RP1343 as the soft segment. It is clear that 
=t rruch difference can be deduced fron the two CUI:VeS. Both the 
curves showed a melting endotheJ:m at the same temperature. The only 
difference in the melting peak of the polymers is that the one with 
the dispersed phase showed only one large melting endotheJ:m which 
started at slightly lower temperature than the dispersed free soft 
segment, due to the presence of the polystyrene, whereas the PPG 2025 
po1yo1 based polyurethanes showed two connected endothennic peaks with 
slightly higher melting temperature. 
Figure 4. 50a shows a DSC thenrogram of the same soft segment as that 
of Figure 4.50, but in which MDI diisocyanate has been used instead of 
H1zMDI. Here the I-transition melting endotheJ:m is broader than when 
H1zMDI is used presumably due to the greater mixing between the hard 
and soft segments (Table 4.20). The RP-MDI sample showed also a broad 
melting endothenn to cover a temperature range of 90-150oC, and a 
broad melting endotherm covers a temperature range of 165-2050 C 
whereas sample P-MDI shows a single melting endotheJ:m which peaks at 
170°C. This is in good agreement with the DMI'A results which indicated 
that the PUs with vinyl copolymer in their soft segment (Sample RP-
MDI) exhibited a continuous decline in nodulus after the softening 
point which is starting at higher temperatures than the sample P-MDI 
where at the softening point a sharp decline in nodulus is clearly 
observed, see Figure 4.17a. 
Figure 4.51 is a DSC thermogram of three curves representing the 
samples 45B/722, 45B/725 and T-MDI. In both samples 45B/722 and 
45B/725 polystyrene and po1yacry1onitri1e particles have been 
dispersed in the Terathane 2000 to form polymer po1yo1 with 70:30 and 
50:50 ratio of PS:ACN in Terathane 2000 respectively. It is clear that 
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using the 50:50 ratio of PS:AOI (sample 45B/725) produced polyurethane 
elastomers with a higher melting temperature (1950 C) compared to 
sample 45B/722 with 70:30 ratio of PS:ACN which has a melting 
en£bthenn of about 1760 C (see Table 4.21). 
4.2.2.4 Effect of excess diisocyonate 
The DSC scans are diSPlayed in Figures 4.52-4.59, and the results are 
recorded in Tables 4.22-4.27. The use of excess diisocyanate in 
polyurethane elastaners will produce allophanates, biuret as well as 
isocyanurate crosslinking. Figure 4.52 shows the dependence of 
transition temperatures on excess diisocyanate crosslinking in a 
series of polyurethane elastaners based on RP1343/MDI/l,4-BD. For a 
polyurethane with theoretically no excess diisocyanate (sample RP-
MDI ) , there is a wide and shallCM' endothenn in the region of 172-
2050 C, attributed to the melting in the hard segment region of 
different extent or degrees of ordering. If a 10% stoichiometric 
excess diisocyanate is used, this wide high temperature transition 
bec:anes sharper due to the fo:rmation of well ordered mic=ystalline 
structures, and noves to upward temperatures. 
At higher levels of excess diisocyanates e.g. 20% and 30%, ~ peaks 
appeared due to the phase separation between isocyanurate and urethane 
phases (Table 4.22). Hence temperature resistance increases. The 1-
transition and the high temperature transitions disappeared when 
sample R3 (representative of the series) has been quenched fron the 
melt, Figure 4.52a; presumably quenching was too fast for the ordered 
structures present in the initial run to reappear on the second 
heating run. 
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Figure 4.53 represents the DSC scan of a series of crosslinked 
elastomers based on a mixed polyol of 80% Terathane 2000 + 20% 
RPl343/MDI/l,4-BD. The hard segment transition temperatures are given 
in Table 4.23. It can be seen that the two connected high temperature 
transition peaks for sample TR-MDI-l (with 00 excess diisocyanate) are 
associated in one large peak as the percentage excess diisocyanate 
increases. At 20% and 30% excess diisocyanate multiple peaks appeared 
in the region of l20-l750 C, and their presence is attributed to the 
fonnation of a limited hard segment order and to the dissociation of 
allophanates _ . 
these polymers. 
- resulting fron the excess diisocyanate used in 
It is also important to mention that for 
polyurethanes with 20% excess diisocyanate and higher, a set of 
multiple peaks appeared in the region of 200-2300 C which are ascribed 
to the fonnation of isocyanurate hard segment stnIctures. When sample 
R8 was quenched fron the melt all these multiple peaks disappeared 
(Figure 4. 53a) as the quenching did oot allow time for the ordered 
stnIcture to reform. 
Figure 4.54 represents polyurethane elastaners based on 60% Terathane 
2000 + 40% RPl343/MDI/l,4-BD. These polymers did oot sh:Jw the same 
trend as the polyurethanes in Figure 4.53. It is believed that 
increasing the arrount of RPl343 polymer polyol in the soft segment 
mixture (consequently increasing the vinyl copolymer) will inhibit the 
fonnation of ordered hard segments and therefore multiple endothermic 
peaks in the region of l20-l700 C did oot appear. This suggests that 
the excess diisocyanate is consumed in the fonnation of isocyanurate 
which appeared as a series of multiple peaks very clearly in the 
polyurethane elastaners especially those with the 20% and 30% excess 
diisocyanate. The higher soft segment glass transition temperature 
associated with the presence of the higher levels of excess 
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diisocyanate supports the suggestion of more soft segments being 
solubilised in the hard segment and thus preventing the formation of 
ordered hard segments (see Table 4.24). 
Figure 4.55 shows the DSC scans of PPG 2025/H12MDI/l,4-BD based 
polyurethane elastomers. With increasing the percentage excess 
diisocyanate the hard segment transitions also shift to higher 
temperatures (see Table 4.25). Also the low and high temperature 
transitions disappeared when sample P6 was quenched fron the melt 
Figure 4.55a. 
Figure 4.56 is the DSC scans of a series of PPG 2025/MDI/l,4-BD. The 
soft segments and the chain extender are the same as that of Figure 
4.55, with MDI diisocyanate being used instead of H12MDI. It can be 
seen that when MDI is used, the high temperature transition peaks are 
sharper and larger in size and their peak temperature rroves upward 
with the increase in excess diisocyanate used (see Table 4.26). 
Figure 4.57 represents a DSC scan of polyurethanes based on 
It can be observed that the high temperature 
transition has a broad breadth covering the temperature range of 170-
1900 C for the polyurethane elastcmer with no excess diisocyanate. As 
the arrount of diisocyanate increases, the high temperature transition 
peak becanes sharper and covers a higher temperature range (see Table 
4.27). 
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TABLE 4. 1: '!'henna1 Stability and Storage M:ldu1us as a Function of Block 
Ratio for polyurethane E1astorners 
S ample Soft Segment 
T 1 Terathane 2000 
T 2 " 
T 3 " 
THM-1 " 
THM-2 " 
THM-3 " 
TR-MDI-1 80% Terathane 
+ 20% RP 1343 
N I " 
Diiso- Chain Block 
cyanate Extender Ratio 
H12MDI 1,4-BD 1/2/1 
" " 1/3/2 
" " 1/4/3 
" 1/2/1 
" " 1/3/2 
" " 1/4/3 
MDI 1,4-BD 1/2/1 
" " 1/3/2 
* Glass transition of soft segment 
-47 65 6.775 
-48 100 7.1 
-55 120 7.1 
-44 130 7.015 
-42 130 6.850 
-49 130 7.515 
-36 140 6.338 
-30 98 8.00 
** Maximum temperature above which the polymer can no longer be applied in 
an engineering application 
* ** log E' at T 
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TABLE 4.2: THERMAL STABILITY AND STORAGE M)DULUS AS A FUNcrION OF 
THE MIXED POLYOL AND POLYMER POLYOL SOFT SEQ1ENT 
PU Type: Mixed Soft Segment/H1zMDI/1, 4-BD. 
Block ratio 1/2/1 
* T** *** Sample Soft Segment Tgs log E 
(oC) (oC) (N/m2) 
T1 Terathane 2000 -47 60 6.775 
RP RP 1343 -31 42 6.390 
TR-1 80% Terathane 2000 -40 60 6.359 
+20% RP 1343 
TR-2 60% Terathane 2000 -41 60 6.75 
+40% RP 1343 
TR-3 40% Terathane 2000 -40 60 6.501 
+60% RP 1343 
* Glass transition temperature of soft segment 
** Maximum temperature above which the polymer can no longer be 
applied in an engineering situation 
*** log E' at T 
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TABLE 4.3: THERMAL STABILITY AND STORAGE MJDULUS AS A FUNCI'ION OF 
THE MIXED POLYOLS SOFT SmlENT 
Sample 
Tl 
Pl 
Hl 
H2 
H3 
PU Type: Mixed PolY01/Hl~I/l,4-BD. 
Block ratio 1/271 
Soft Segment Tgs * 
(oC) 
Terathane 2000 -47 
PPG 2025 -32 
80% Terathane 2000 -47 
+20% PPG 2025 
60% Terathane 2000 -43 
+40% PPG 2025 
40% Terathane 2000 -38 
+60% PPG 2025 
* Glass transition temperature of soft segment 
T** *** log E 
(oC) (N/m2) 
65 6.775 
50 5.213 
80 7.406 
55 7.015 
50 6.451 
** Maximum temperature above which the polymer can no longer be 
applied in an engineering situation 
*** log E' at T 
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TABLE 4.4: THERMAL STABILITY AND STORAGE MJDULUS AS A FUNCl'ION OF 
THE MIXED POLYOL AND POLYMER POLYOL SOFT SEGlENT 
PU Type: Mixed Soft Segment/MDI/1,4-BD. 
Block ratio 1/2/1 
Soft segment * T** *** Sample Tgs log E 
(oC) (oC) (N/m2) 
T-MDl Terathane 2000 -34 70 8.802 
RP-MDl RP 1343 -16 110 7.080 
TR-MDI-1 80% Terathane 2000 -36 140 6.338 
+20% RP 1343 
TR-MDI-2 60% Terathane 2000 -31 117 6.197 
+40% RP 1343 
TR-MDI-3 40% Terathane 2000 -26 110 6.120 
+60% RP 1343 
* Glass transition temperature of soft segment 
** Maximum temperature above which the polymer can no longer be 
applied in an engineering situation 
*** log E' at T 
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TABLE 4.5: THERMAL STABILITY AND S'IDRAGE M)DULUS FOR POLYURETHANE 
ELASTCMERS BASED ON THE POLYMER POLYOL OF TERATHANE 2000 
PU Type: Mixed Soft Segment/MDI/1,4-BD. 
Block ratio 1/2/1 
Soft Segment Tgs* ** *** Sample T log E 
(oC) (oC) (N/m2) 
45B/722 45B/722 -35 150 7.130 
722-T-20 80% 45B/722 + -35 145 6.750 
20% Terathane 2000 
722-T-40 60% 45B/722 + -36 160 7.005 
20% Terathane 2000 
722-T-6O 40% 45B/722 + -38 150 6.670 
60% Terathane 2000 
* Glass transition temperature of soft segment 
** Maximum temperature above which the polymer can no longer be 
applied in an engineering situation 
*** log E' at T 
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TABLE 4.6: Effect of the presence of vinyl copolymer in polyols on 
the thermal stability and log E' for 1,4-BD based 
polyurethane e1astaners 
Block Ratio (1/2/1) 
Sample Soft Segment Diisocyanate 
PI PPG 2025 H12MDI -32 50 5.213 
RP RP 1343 H1zMDI -31 42 6.390 
p-MDI PPG 2025 MDI -18 145 6.263 
RP-MDI RP 1343 MDI -16 150 7.080 
T-MDI Terathane 2000 MDI -34 70 8.802 
45B/722 45B/722 MDI -35 140 7.250 
45B/725 45B/725 MDI -31 150 7.150 
Tl Terathane 2000 H12MDI -47 60 6.775 
722-H-BD 45B/722 H12MDI -46 58 7.105 
722-H-BD+ 
catalyst 
45B/722 H1zMDI -40 140 6.506 
725-H-BD 45B/725 H12MDI -47 51 7.193 
725-H-BD+ 
catalyst 
45B/725 H12MDI -40 140 5.900 
* Glass transition temperature of soft segment 
** Maximum temperature above which the polymer can no longer be 
applied in an engineering application 
*** log E' at T 
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TABLE 4 •. 7: SUMMARY OF THE DYNAMIC MECHANICAL PROPERTIES OF 
POLYURETHANE ELAS'KMERS. EFFECT OF DIISOCYANATE TYPE. 
BLOCK RATIO 1/2/1 
Diisocyanate * T** *** Sample Tgs log E 
(oC) (oC) (N/m2) 
RP HlzMDI -31 42 6.390 
RP-MDI MDI -16 150 7.080 
Pl HlzMDI -32 50 5.213 
P-MDI MDI -18 145 6.263 
TR-l HlzMDI -40 60 6.390 
TR-MDI-l MDI -36 140 6.338 
722-H-BD HlzMDI -46 58 7.105 
45B/722 MDI -35 140 7.250 
* Glass transition temperature of soft segment 
** Max:irnum temperature above which the polymer can no longer be 
applied in an engineering application 
*** log E' at T 
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TABLE 4.S: Stmtnary of the Dynamic Mechanical Properties of Polyurethane 
Elastaners. Effect of Using Excess Diisocyanate. Bl=k ratio 
(1/2/1) 
Sample Soft Segment Diisocy- % Excess 01ain Tgs * T** 
anate Diisocya- Exten-
nate der (oC) (oC) 
RP RP1343 Hlf1Dl - 1,4-BD -31 42 
R5 RP1343 10 " -23 62 
R15 RP1343 " 30 " -21 55 
TR-2 SO% Terathane " - " -40 60 
2000+20% RP1343 
R12 " 10 " -32 70 
R13 " 20 " -32 70 
R14 " 30 " -33 SO 
RHM RP1343 - MX:A -30 110 
R16 " 10 " -26 150 
R17 " 20 " -21 150 
R1S " " 30 " -22 150 
RP-MDI RP1343 MDl - 1,4-BD -16 150 
R1 " " 10 " -15 140 
R2 " " 20 " -S 140 
R3 " " 30 " -7 160 
TR-MDl-1 SO% Terathane " - " -36 140 
2000+20% RP1343 
R6 " " 10 " -32 140 
R7 " " 20 " -27 150 
R8 " " 30 " -21 155 
TR-MDl-2 60% Terathane " - " -31 120 
+ 40% RP1343 
R9 " " 10 " -23 150 
RlO " " 20 " -IS 150 
Rll " " 30 " -17 160 
PI PPG 2025 Hl~MDl - " -32 50 
P4 " 10 , -28 50 
P5 " " 20 -20 55 
P6 " " 30 -27 50 
PlO " " 16 -27 60 
P-MDl PPG 2025 MDl - -18 145 
P7 " " 10 -10 140 
PS " " 20 -11 150 
P9 " " 30 -11 150 
* Glass transition temperature of soft segment 
** Maximum temperature above \>lhich the polymer can ro lorqer be 
applied in an engineering situation 
*** log E' at T 
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LogE*** 
(N/m2) 
6.390 
7.465 
7.750 
6.750 
7.540 
7.532 
7.220 
6.140 
7.420 
6.920 
7.460 
7.080 
6.945 
7.474 
7.010 
6.778 
7.110 
7.710 
7.550 
6.197 
7.310 
7.464 
7.590 
5.213 
7.370 
7.550 
7.870 
7.220 
6.263 
7.050 
7.130 
7.540 
TABLE 4.9: Sunrnary of the Dynamic Mechanical Properties of Polyurethane 
Elastaners. 
Effect of Olain Extender StJ:ucture. Block Ratio (1/2/1) 
Sample Seft Segment Diisocya-
nate 
T1 Terathane 2000 HlzMDI 
THM-1 Terathane 2000 " 
PI PPG 2025 " 
P2 PPG 2025 " 
HI 80% Terathane 2000 " 
+ 20% PPG 2025 
HM-l 80% Terathane 2000 " 
+ 20% PPG 2025 
TR-l 80% Terathane 2000 " 
+ 20% RP 1343 
TRM-1 80% Terathane 2000 " 
+ 20% RP 1343 
TR-3 40% Terathane 2000 " 
+ 60% RP 1343 
TRM-3 40% Terathane 2000 " 
+ 60% RP 1343 
RP RP 1343 " 
RHM RP 1343 " 
* Tgs 
-47 
-44 
-32 
-28 
-47 
-34 
-40 
-42 
-40 
-34 
-31 
-30 
* Glass transition temperature of soft segment 
65 
130 
50 
115 
80 
135 
60 
180 
60 
42 
42 
110 
*** logE 
N.m-2 
6.775 
7.015 
5.213 
6.433 
7.046 
6.010 
6.536 
6.200 
6.501 
6.39 
6.39 
6.140 
Olain 
Extender 
1,4-00 
M:lCA 
1,4-00 
M:lCA 
1 4-00 , . 
M:lCA 
1,4-00 
1,4-BD 
1,4-00 
M:lCA 
** Maximum temperature above which the polymer can no longer be applied in 
an engineering application. 
*** log E' at T. 
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TABLE 4.10: The Effect of the Block Ratio on the Transition Temperature of 
Polyurethanes Based on Terathane 2000/H1:tIDI/1,4-BD 
Sample Block TGs * Transition 
Ratio °c I II III 
T1 1/2/1 -47 - -
T2 1/3/2 -48 - 101 
T3 1/4/3 -55 - 103 
* Glass transition temperature of soft segment 
** Melting temperature of polyurethane elastaners 
-
-
-
Tm** Hard 
°c Segment 
Content 
% 
105 24.23 
176 33.85 
178 41.20 
TABLE 4.11: The Effect of the Block Ratio on the Transition Temperature of 
Polyurethanes Based on Terathane 2000/H1:tIDIjM)CA 
Sample Bl=k TGs * Transition 
Ratio °c I II III 
THM-1 1/2/1 -44 42-140 -
THM-2 1/3/2 -42 82 -
THM-3 1/4/3 -49 86 -
* Glass transition temperature of soft segment 
** Melting temperature of polyurethane elastaners 
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-
-
-
Tm** Hard 
°c Segment 
Content 
% 
184 29.00 
172 42.20 
174 46.65 
TABLE 4.12: The Effect of the Block Ratio on the Transition Temperature of 
Polyurethanes Based on 80% Terathane + 20% RP 1343/MDI/1,4-BD 
Sample Block TGs* Transition 
Ratio °c I II III 
TR-MDI-1 1/2/1 -36 80 -
N1 1/3/2 -30 78 -
* Glass transition temperature of soft segment 
** Melting temperature of polyurethane e1astaners 
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-
-
Tm** Hard 
°c Segment 
Content 
% 
186 22.76 
202 
198 31.67 
(225) 
TABLE 4.13: A Surnnary of Thermal Transitions Seen in the Mixed Polyo1 Based 
Polyurethanes, PUs: Mixed Polyo1/H12MDl/1, 4-BD. Block Ratio (1/2/1) 
Sample Soft segment Tgs '!In Hard Segment 
Content 
(oC) (oC) % 
T1 Terathane 2000 -47 105 24.23 
RP RP 1343 -31 76 21.0 
TR-1 80% Terathane 2000 + -40 85 23.7 
20% RP 1343 
TR-2 60% Terathane 2000 + -40 82 22.7 
40% RP 1343 
TR-3 40% Terathane 2000 + -40 82 22.07 
60% RP 1343 
TABLE 4.14: A Surnnary of Thermal Transitions Seen in the Mixed Polyol Based 
Polyurethanes,PU: Mixed PolYOl/H1~l/1,4-BD. Block Ratio (1/2/1) 
Sample Soft Segment Tgs '!In Hard Segment 
Content 
(oC) (oC) % 
TR-MDl-1 80% Terathane 2000 + -36 200 22.76 
20% RP 1343 
TR-MDl-2 60% Terathane 2000 + -31 193 22.04 
40% RP 1343 
TR-MDl-3 40% Terathane 2000 + -26 203 21.38 
60% RP 1343 
RP-MDl RP 1343 -20 168-203 20.16 
T-MDl Terathane 2000 -34 145 22.8 
145 
, 
TABLE 4.15: A Surrmary of Thenna1 Transitions Seen in the Mixed Po1yo1 Bas ed 
Po1yurethanes.PU: Mixed Po1yo1/H1i"ID1jM)CA. Block Ratio (1/2/1) 
Sample soft Segment Tgs '!in t Hard Segrnen: 
Content 
(oC) (oC) % 
RHM RP 1343 -30 230 25.28 
THM-1 Terathane 2000 -44 184 29.00 
TRM-1 80% Terathane 2000 -42 230 28.20 
+20% RP 1343 
TRM-2 60% Terathane 2000 -37 216 27.52 
+40% RP 1343 
TRM-3 40% Terathane 2000 -34 220 26.72 
+60% RP 1343 
TABLE 4.16: A Surrmary of Thenna1 Transitions Seen in the Mixed Po1yo1 Bas ed 
Po1yurethanes.PU: Mixed Po1yo1/MDI/1,4-BD. Block Ratio (1/2/1) 
Sample SOft Segment Tgs '!in Hard Segment 
Content 
(oC) (oC) % 
45B/722 45B/722 -35 175 20.17 
722-T-20 80% 45B/722 + 20% -35 180 20.79 
Terathane 2000 
722-T-40 60% 45B/722 + 40% -36 192 23.27 
Terathane 2000 
722-T-60 40% 45B/722 + 60% -37 190 23.61 
Terathane 2000 
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TABLE 4.17: 
Sarrp1e 
T1 
H1 
H2 
H3 
P1 
TABLE 4.18: 
Sarrp1e 
P2 
THM-l 
HM-1 
HM-2 
HM-3 
yo1 Based A Sumnary of Thermal Transitions Seen in the Mixed Pol 
polyurethane E1astaners. 
PU Type: Mixed P01yo1/Hl ZMDI/1,4-BD. 
Soft Segment Tgs 
(oC) 
Terathane 2000 -47 
80% Terathane 2000 -47 
+ 20% PPG 2025 
60% Terathane 2000 -43 
+ 40% PPG 2025 
40% Terathane 2000 -38 
+ 60% PPG 2025 
PPG 2025 -32 
Block Ratio 
TIn 
(oC) 
105 
82 
83 
82 
82 
(1/2/1) 
Hard Segment 
Content 
% 
2 4.23 
2 4.11 
2 3.40 
2 4.11 
2 4.01 
yo1 Based A Sumnary of Thermal Transitions Seen in the Mixed P01 
POlyurethane Elastaners. 
PU Type: Mixed POlyol/HlZMDI;M:X:A. 
Soft Segment Tgs 
(oC) 
PPG 2025 -28 
Terathane 2000 -44 
80% Terathane 2000 -34 
+ 20% PPG 2025 
60% Terathane 2000 -33 
+ 40% PPG 2025 
40% Terathane 2000 -33 
+ 60% PPG 2025 
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Block Ratio (1/2/1) 
TIn 
(oC) 
160 
160-205 
165-190 
170-195 
170-200 
Hard Segment 
Content 
% 
2 8.71 
2 9.00 
2 8.95 
2 9.24 
2 9.20 
TABLE 4.19: A Sumnary of Thennal Transitions Seen in the Mixed Polyo1 Based 
Polyurethane Elastaners. 
PU Type: Mixed Po1yo1/MDI/1,4-BD. Block Ratio (1/2/1) 
Sample Soft Segment Tgs 'nn Hard Segment 
Content 
(oC) (oC) % 
P-MDI PPG 2025 -18 175 23.29 
P-MDI-1 80% Terathane 2000 -35 175 23.38 
+ 20% PPG 2025 
P-MDI-2 60% Terathane 2000 -30 187 23.66 
+ 40% PPG 2025 
P-MDI-3 40% Terathane 2000 -25 182 23.66 
+ 60% PPG 2025 
T-MDI Terathane 2000 -34 145 22.8 
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TABLE 4.20: DSC Surrmary of Polyurethane Elastaners. Effect of the Dispersed 
Phase in the Soft segment. 
PU Type: Soft Segment/Diisocyanate/1,4-BD. Block Ratio (1/2/1) 
Sample Soft Segment Diisocyanate Tg '!in Hard Segment 
(oC) (oC) Content % 
PI PPG 2025 H12MDI -32 170- 24.01 
205 
RP RP1343 H1zMDI -31 170- 21.00 
205 
P-MDI PPG 2025 MDI -18 175 23.29 
RP-MDI RP1343 MDI -16 165- 20.16 
205 
TABLE 4.21: DSC Surrmary of Polyurethane Elastaners. Effect of the Presence of 
the Dispersed Phase in Terathane 2000 Polyurethane Elastaners. 
PU Type: Soft Segrnent/MDI/1,4-BD. Block Ratio (1/2/1) 
Sample Soft Segment Tgs '!in Hard Segment 
Content 
(oC) (oC) % 
45B/722 45B/722 -35 176 20.17 
45B/725 45B/725 -31 190 24.25 
T-MDI Terathane 2000 -34 145 22.80 
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TABLE 4.22: Effect of using excess diisocyanate on the transition 
temperatures of polyurethane elastaners. 
PU Type: RP 1343/MDl/l, 4-BD. Block Ratio (1/2/1) 
Sample Soft Segment % Excess Tgs tIn Hard 
Diisocya-
(oC) (oC) 
Segment 
nate % Content % 
RP-MDl RP1343 - -16 165- 20.16 
205 
RI RP1343 10 -15 197 20.81 
R2 RP1343 20 -8 210 22.07 
R3 RP1343 30 -7 210 23.36 
TABLE 4.23: Effect of using excess diisocyanate on the transition 
temperatures of polyurethane e1astaners. 
PU Type: 80% Terathane+20% RP1343/MDl/1-4BD. Block Ratio (1/2/1) 
Sample % Excess * Hard Tgs tIn 
Diisocya-
(oC) (oC) 
Segment 
nate % Content % 
TR-MDI-1 - -36 186- 22.76 
202 
R6 10 -32 178,190 23.48 
212 
R7 20 -25 185- 24.84 
226 
R8 30 -21 185,200 26.18 
220 
.-
* is the peak value 
150 
TABLE 4.24: Effect of using excess diisocyanate on the transition 
temperatures of p::>lyurethane elastaners. 
PU Type: 60% Terathane+40% RPl343/MDI/l,4-BD. Block Ratio 
(1/2/1) 
Sample Soft Segment % Excess Tgs 'I'm Hard 
Diisocya-
(oC) (oC) 
Segment 
nate % erotent % 
TR-MDI-2 60% Terathane 2000 - -31 193 22.04 
+ 40% RP1343 
R9 60% Terathane 2000 10 -23 208,220 22.74 
+ 40% RP1343 
RIO 60% Terathane 2000 20 -18 208,220 24.09 
+ 40% RPl434 
, 
RH 60% Terathane 2000 30 -17 208,220 25.39 
+ 40% RP1343 
* Is the peak value 
TABLE 4.25: Effect of using excess diisocyanate on the transition 
temperatures of p::>lyurethane e1astaners. 
PU Type: PPG 2025/H12MDI/1,4-BD. Block Ratio (1/2/1) 
Sample % Excess Tgs 'I'm* Hard 
Diisocya- Segment 
nate % (DC) (oC) content % 
P1 - -32 208 24.01 
P4 10 -28 208 24.69 
P5 20 -20 208 26.12 
P6 30 -27 208 27.51 
* Is the peak value 
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TABLE 4.26: Effect of using excess diisocyanate on the transition 
temperatures of polyurethane e1astaners. 
PU Type: PPG 2025/MDI/1,4-BD. Block Ratio (1/2/1) 
Sample % Excess Tgs * , Hard 'ful 
Diisocya-
(oC) (oC) 
Segment 
nate % Content % 
P-MDI - -18 175 23.29 
P7 10 -10 185-199 24.11 
P8 20 -11 184-205 25.56 
P9 30 -11 184-205 26.87 
TABLE 4.27: Effect of using excess diisocyanate on the transition 
temperatures of polyurethane elastaners. 
PU Type: RP1343/H12MDIjM)CA. Block Ratio (1/2/1) 
Sample % Excess Tgs 'ful* Hard 
Diisocya-
(oC) 
Segment 
nate % (oC) Content % 
RHM - -30 170-250 25.28 
R16 10 -26 170-205 25.88 
R17 20 -21 167-209 27.04 
220 
R18 30 -22 167-209 28.17 
220 
* Is the peak value 
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4.3 INFRARED SPECl'ROSCX)Pl( 
4.3.1 Infrared Studies of Polyurethane Elastaners 
Infrared is a rrost sui table technique to provide infonnation on the 
extent and distribution of hydrogen bonding in polyurethane 
materials47 , 48 . In polyurethane polymers the proton donor is 
primarily the N-H of urethane linkages. The proton acceptor may be the 
hard segment (the carbonyl of the urethane or urea group) or the soft 
segment (an ester carbonyl or ether oxygen). The proportion of NH 
bonded to hard segment acceptors canpared to soft segment acceptors 
reflects the degree of microphase separation and can be used to study 
this. Therefore it should be noted that three types of hydrogen 
bending will be possible in a polyurethane as shown in Figure 2.5. 
The hydrogen bonding is manifested by shifts in the N-H and c=o 
stretching frequencies to lower values than those observed when these 
groups are not hydrogen bonded. 
Tanaka et a18.9 estimated that 85% of the NH groups were hydrogen 
bcnded in a solid polyurethane based on 'I'DI (80:20 mixture of 2,4 and 
2,6-isaners). It can be assumed that alrrost all NH groups in different 
polyurethanes are hydrogen bonded. However, it appears that only a 
portion of the urethane carbcnyls are involved in hydrogen bending as 
the proton acceptor. 
There is indirect evidence that NH bending to the ester oxygen of the 
polyester soft segment is greater than hydrogen bonding to 
polyether90 . Extensive research on hydrogen bonding in toluene 
diisocyanate based segmented polyurethanes by use of quantitative IR 
analysis has been repcrted by Sung and Schneider9l ,92. TWo series of 
segmented polyurethanes, one of which is based on 2,4-'I'DI and the 
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other on 2,6-TDI, have been investigated. Due to the asymmetric 
structure of 2,4-TDI, only amorphous hard domain structures were 
fonned. with this system. In the 2,6-TDI series the hard danains were 
crystalline. The (Tg) of the polyether soft segrrent was found to 
exhibit a strong dependence on urethane concentration in the 2,4-TDI 
polymers, while it was independent of urethane concentration in the 
2,6-TDI polymers. This was suggested as due to extensive hard segment 
mixing with the soft segrrent phase in the 2,4-TDI polymers. Much less 
hard and soft segrrent mixing took place in the 2,6-TDI polymers due to 
their more highly ordered danains. At roan temperature, almost all the 
urethane NH groups in both series were reported to form hydrogen 
bonds. About 80% and 50% of urethane carbonyl groups were found to 
form hydrogen bonds in the 2,6-TDI and in the canparable 2,4-TDI poly-
urethanes respectively. 
In subsequent temperature-dependent IR work, Sung and Schneider92 used 
simple curve resolution procedures to determine the amounts of 
hydrogen-bonded and non-bonded NH and carbonyl in the same series of 
polyurethanes. In the 2,4-TDI polyurethanes free and bonded carbonyl 
absorptions shcMed little change fron 0 to 150°C while 50% of the NH 
groups had dissociated by l50oC. It was ooncluded that NH-to-ether 
hydrogen bonding was responsible for most of the hydrogen bond 
dissociation in the NH spectra. In the 2,6-TDI polymers, this hard 
segment-soft segment hydrogen bonding was also found to dissociate 
belCM 50°C as indicated by changes in the NH absorption. However, 
above 60°C the bonded carbonyl bond is reduced while the free carbonyl 
increases, indicating dissociation of hydrogen bonding in the hard 
segments. Apparently, NH bonding to the ether oxygen is weaker than 
that of the urethane carbonyl, because the hard segrrent-soft segment 
bonding dissociates at lCMer temperatures. The disruption of hard-soft 
223 
segment hydrogen bonding in 2,6-TDI polyurethanes, which 0CCI=ed 
prior to hard segment-hard segment dissociation, suggested that 
hydrogen bond disruption in the soft segment phase does not require a 
hard segment transition process. The higher stability of 
inte~rethane hydrogen bonds in the 2,4-TDI than in the 2,6-TDI 
polyurethanes was suggested as due to the high steric hindrance caused 
by the methyl group in the 2,6-TDI polymers. 
Figures 4.58 and 4.59 shcM typical spectra of polyurethane elastaners. 
The stretching frequencies are the rrost usefUl f= characterisin;J the 
groups present in polyurethanes. Table 4.28 lists the rrolecular groups 
band and their asSignments. 
TABLE 4.28: Useful Infrared Band for Polyurethane Materials with 
their Assignment 
Frequency 
-1 cm 
3400-3500 
3300-3400 
2930 
2850 
2270 
1640 
1720 
1700 
Group 
-N-H 
-N-H 
-CH3/-CH2 
-CH2 
-N=C=O 
c=o (Urea) 
-C=O 
-C=O 
1412 Isocyanurate 
Sh - shallCM' 
W - weak 
S - strong 
VS - very strong 
M - medium 
Assignment 
Free -NIl stretching 
Bonded-NIl stretching 
Stretch of -CH2-
Symnetric stretch of -CH2 
stretching 
Stretching 
C=O stretching (free) 
C=O stretching (bonded) 
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Relative 
Intensity 
Sh, W 
S 
VS 
S 
W,S 
S 
S 
S 
M 
Regions of importance in the IR spectra of polyurethane elastaners are 
the NH stretch absorption at (3000-3500 cm-I) and the carbonyl 
vibrations (1750-1700 cm-I). When NH forms hydrogen bonds its 
frequency decreases while its intensity increases. The carbonyl 
absorption is of great importance especially for polyether based 
polyurethanes, as the presence of tw::> types of carbonyl groups in 
polyester based polyurethane give only a broad unresolved peak. 
Seyrrour50 et aI" have reported a splitting of the carbonyl bond into 
tw::> peaks, one at 1733 cm-I and the other at 1703 cm-I, these can be 
assigned to free and bonded carbonyl groups respectively. 
Analysis of IR spectra of polyurethane can be used to measure the \ l'X 
degree of phase separation between the hard and soft segments by ,f 
measuring the degree of hydrogen bonding between the active hydrogen 
of the NH group and possible proton acceptors. Estimation of hydrogen 
bonding is based on the resolution of urethane NH and carbonyl bond 
into the bonded and non-bonded ccmponents. 
4.3.1.1 Infrared Absorption Spectroscopy 
Infrared absorption spectroscopy is based upon the interaction of 
infrared electranagnetic radiation of wavelength 1-500 i"' with mass. 
Interaction results in absorption of a certain wavelength of 
radiation, the energy of which corresponds to the energy of transition 
between various vibrational-rotational states, or only rotational 
states of the Il'Olecule, = group of atans within the Il'Olecule. 
This interaction of radiation with mass is governed by quantum 
conditions such that radiation of wave number v is absorbed only when 
the equation below holds: 
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where El and Ez are discrete values of energy corresponding to tw::> 
states, h is Planck's constant and c is the velocity of light. The 
energy of radiation c=t cause transitions between electronic energy 
levels. It is only capable of bringing about changes in the 
vibrational and rotational states of a rrolecule which are closely 
related to molecular structure. The constancy of absorption wave 
numbers for particular types of vibration make possible the 
detennination of functional groups in the substance being analysed. 
Precise values of the wave numbers at which absorption is observed 
characterise particular groups in particular environments and parts of 
the rrolecule. Because of great variety of possible vibrations in most 
rrolecules, it is unlikely that tw::> canpounds will possess identical 
rotational vibrational spectra. It is thus possible to create a 
picture of the rrolecular configuration and to determine details of 
probable structure. 
In polymers, the IR absorption spectrum is often simple considering 
the large number of atans involved. This Simplicity results fron the 
structure of a polymer chain which consists of a sequence of 
chemically identical repeating units, each with alrrost the same nonnal 
vibrations. Thus equivalent vibrations fron different units have the 
same frequency and appear in the spectrum as one absorption band. IR 
can also be used to determine the microstructure of the polymer, i.e. 
cis and trans isomerism about double bonds, and the type of 
stereoregularity of the polymer chain, such as isotactic and 
syndiotactic forms. 
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4.3.1.2 Hyd!:ogen Banding Determination 
A survey of IR spectrum literature of variously prepared polyurethane 
samples at roan temperature shcMed a strong band, assigned to hydrogen 
bonded -N-H stretching vibration is present at 3280 an -1. 'nle free 
-N-H stretch appears as a shoulder on the high frequency side of this 
this band. calculation of the hydrogen bonded NH has been perfonned 
as follows. 
The base line density method93 has been used to determine the 
absorbance at the absorption maxima a=rding to the Beer-Lambert 
equation: 
10 A = loglO r- = E.C.L. 
where: A = absorbance 
10 = intensity of incident radiation 
I = intensity of transmitted radiation 
E = extinction coefficient 
C = =ncentration of the NH groups 
L = radiation path length (an) 
The absorbance, Ab of the hydrogen bonded absorption maximum is given 
by: 
Similarly, for the free NH absorption max.imum 
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As an approximation, assuming Eb = EF, then: 
and 
where K is constant. 
'!he proportion of l:xJnded NH groups is then given by: 
Hydrogen l:xJnded (NH)% = At, x 100 
~ + AF 
~ and AF can be found fran Figure 4.60 using the base line method as 
follows: 
2>.. = log AC 
"0 BC 
4.3.1.3 Attenuated Tbtal Reflectance 
ATR is :implemented to measure the IR spectrum of a material for which 
the traditional sampling procedures such as mulling, dissolVing, melt, 
etc, are inapplicable or difficult to use. '!he spectra obtained by 
this method are independent of the thickness of the sample, which 
greatly simplifies the preparation of samples. ATR is used 
successfully for materials such as polymeric filmS or foams, fabrics, 
thick pastes, paint films, printing ink: on metal etc. '!he ATR 
technique involves the use of light reflected fran the surface of 
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materials usually a mixture of thallium iodide and thallium branide. 
When a beam of radiation passes tlrrough a prism, Figure 4.61a, whose 
refractive index is greater than that of the sample (medium 2), and if 
the angle e is greater than the critical angle, then the infrared 
light beam will be reflected fron the back face of the prism, and part 
of the energy of the beam escapes fron the face and is retu!ned into 
the prism. Under proper conditions multiple reflectance can be 
arranged as in Figure 4.61b. This energy can be selectively absorbed 
by an absorbing substance if the substance is placed on the reflecting 
surface. 
A plot of the energy absorbed by the substance versus the wavelength 
of radiation would therefore be similar to a conventional infrared 
spectrum of the substance. 
4.3.2 ExperinBltal WOJ:k 
Solid polyurethane films have been scanned using a Beckman TR-9 unit 
equipnent in a Pye-Unicam SP3-200 infrared spectrop\x)"\;aneter. Two 
separate films of polyurethane samples of approximately 2 mm thick 
were used in each run so as to oover the i;w:) surfaces of the crystal. 
Drying the samples in a vacuum oven at 400 C for at least 15 min prior 
to the scan was essential to rerrove any surface rroisture which oould 
give rise to the characteristic OH peak. With the samples clarrq:Jed 
finnly against the crystal surfaces, spectra were recorded between 
4000 cm -1 and 600 cm -1 using the normal scanning rrode. 
4.3.3 Results and Discussion 
Analysis of IR spectra to estimate the degree of H-bonding between NH 
proton and possible proton acceptors was one of the methods used for 
evaluating the degree of phase segregation. Estimation of H-bonding is 
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~ 
..Q .:-v" based on the resolution of urethane NH and carbonyl bond into the \ ~X 
bonded and non-bonded canponents, which is manifested by the shift in 
the NH and C=O stretching frequencies to lower values than those 
observed when these groups are not H-bonded. 
IR can be used to lOClni tor changes in physical properties by fOllCMing 
the presence of other groups such as biuret, allophanate, dimer, 
trimer, isocyanurate, etc. 
All the polyurethane elastomers prepared in this research showed a 
similar spectra to that in Figures 4.62-4.64. It was noticed that in 
all the polyurethanes scanned that the carbonyl region showed 
splitting of the absorption band into two peaks around 1700 cm-I and 
1730 cm-I which are assigned to the bonded and free carbonyl groups 
respectively. No urea C=O stretching peak appeared at 1640 cm-I in 
these 1,4-BD chain extended polyurethanes since only urethane linkages 
are present in such polymers. In the MX:A chain extended polyurethanes 
the two weak bands were assigned at 1645 cm-I and 1660 cm-I for the 
hydrogen urea carbonyl and a third weak band at 1685 cm-I for the free 
urea carbonyl, see Figure 4.62. 
by Ishihara46 et al. 
The same results have been reported 
Figure 4.65 illustrates the expanded carbonyl region in the Terathane 
2000/H12MDI/MJCA polyurethane series. In the 1/2/1 block ratio, the 
urethane carbonyl peak splits into a peak at 1720 cm-I and a shoulder 
at 1700 cm-I. This means that not all the urethane carbonyl is 
hydrogen bonded. The urea carbonyl peak appeared at 1650 cm-I and 1665 
cm-I which co=esponds to the hydrogen bonding urea carbonyl, whilst 
the free urea carbonyl absorption appeared at 1680 cm-I. 
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'!he same results are observed with all the samples chain extended with 
~ and a block ratio of (1/2/1). In the (1/3/2) and (1/4/3) block 
ratios, which have higher anounts of urea content than the (1/2/1) 
block ratio, the urea carbonyl also occurs at 1645 cm-I and 1665 cm-I, 
and the free urea carbonyl appeared as a small shoulder at 1695 cm-1 . 
It is clear that all the urethane carl:x:myls are hydrogen banded, since 
the free urethane carbonyl at 1730 cm-I is absent and only one peak 
appeared at 1705 cm-I for the banded urethane carbonyl. This probably 
means that the amount of bonded urethane carbonyl increases with 
increasing urea content. 'I1lerefore we can conclude that for block 
ratios higher than (1/2/1), and in the absence of free urethane 
carbonyl, which can only be found at the interface between the hard 
segment cla11ains and the soft segment phase, the interface between the 
boo segments must be fairly sharp. Also we can conclude that the 
presence of the urea free carbonyl peak at 1690 cm-I for the whole 
series suggests rrore mixing between the soft and hard segments took 
place for this system. This would explain why this pOlyurethane 
elastaner series have higher Tg's than their equivalent series in 
which 1,4-BD was used as a chain extender. 
Figure 4.64 shcms a strong peak at a wave number of 2270 cm-I which is 
definitely due to the free (NCO) and a weak peak at 1645 cm-I which is 
a characteristic of the biuret, both peaks being present as a result 
of using excess diisocyanate. These peaks are observed to have 
disappeared fron the spectra when no excess diisocyanate has been used 
in the formulation due to canplete reaction of all the NCO groups (see 
Figures 4.62 and 4.63). 
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Table 4.29 shows that polyurethane elastaners With M:lCA as a chain 
extender have higher hydrogen banding values than their analogues 
which are chain extended with 1,4-BD; this is considered due to the 
ability of the urea groups within the hard segment to fonn a three 
dimensional hydrogen bond between two NH and one urea or urethane 
carbonyl group, Figure 4.66. 
Table 4.30 shows that MDI diisocyanate based polyurethane elastaners 
have lower hydrogen bonding than the Hl2MDI based polyurethane 
elastaners and this is assigned to the higher phase mixing exerted by 
the MDI diisocyanate. Table 4.31 shows that in general increasing the 
percentage excess diisocyanate decreases the hydrogen bonding, 
irrespective of the type of diisocyanate or chain extender used. This 
is considered due to the developnent of crosslinked structures which 
lead to a reduction in the intenrolecular attraction forces resulting 
fron special separation of chains due to increased crosslinking. 
It can be seen fron Table 4.32 that increasing the vinyl copolymer or 
the PPG 2025 content in the soft segment mixture with Terathane 2000 
has increased the arrount of hydrogen bonding when the MDI diisocyanate 
is used, but the hydrogen bonding is also found to decrease when the 
H12MDI was used with the same system. Table 4.33 shows that 
increasing the hard segment content increases the NH hydrogen bonding, 
and fron Figure 4.67 the banded NH absorption peak shifts to slightly 
higher wave number (higher energy), as the hard segment length 
increases. It can also be seen that the hydrogen bonded carbonyl 
stretch peak at 1700 cm -1 increases in intensity as the block ratio 
increases. 
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4.4 X-RAY DIFFRACl'ION 
4.4.1 X-Ray Diffraction Studies in Polyurethane Elastaners 
The technique of X-ray diffraction has been highly developed for the 
study of changes in structure ll'Orphology and in the detection of the 
,,,,,<' r-
a=rphous and CIyStalline enti 0/ in the polymer. 
It is considered as a useful source of information on polymer texture, 
yielding parameters describing degree of crystallinity, CIyStalline 
orientation, and CIyStallite size. It can also reveal the presence of 
confirmational regularity of the structure of polymer ll'Olecules at the 
repeat unit level. 
X-ray diffraction in polymers can only be produced by the regular 
structure present in the polymer, since a very diffuse pattern is 
obtained when ll'Olecular order is absent as in liquid or a=rphous 
polymers. 
Bonart42 investigated the physical structure of crosslinking in 
segmented urethane elastaners. He found that the unstretched, non-
pretreated samples show a wide a=rphous halo at about 4.5 A. However 
at 500% elongation, the polyether shows a clear fibre diagram which is 
due to the elongation induced crystallisation of the soft polyether 
segments, while mixed polyester soft segments gave only a 
paracrystalline chain arrangement. He also discovered that the 
elongation CIyStallisation of the polyether material begins at about 
150% elongation and to 200 to 300% elongation, and they improve their 
orientation on further elongation up to 500% to only a minor extent. 
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Schneider et a1 ~4 investigated the deve10pnent of crystalline cbnain 
structure and changes with increasing urethane content by examining 
the wide- and small-angle X-ray diffraction patterns. They found that 
the samples follow a definite trend with increasing MDl content. At a 
low MDl content, no crystalline lines are present, and the wide-angle 
pattern consists of a broad amorphous peak. With increasing MDl 
content, crystalline rings appear which may be identified as hard 
segment crystals fran the pattern which is observed. 
Wilkes and YUSek95 studied dcmain formation in polyester polyurethanes 
by means of SAXS and WAXD. They concluded that the dcmains are 
o 
lamellar in shape with an average separation of 100-250 A. Higher 
spacings were given by the longer soft segment and higher urethane 
content samples. The hard segments are believed to serve as 
cross1inks, preventing relaxation upon stress and inducing stress 
crystallisation of the soft segment, giving a higher tensile strength. 
Upon heat setting, hard segments break up and refonn by the process of 
restructuring, relieving stress while maintaining considerable hard-
segment orientation. The formation of hard-segment dcmains was found 
to vary positively with hard-segment length but negatively with soft-
segment molecular weight. Wi1kes and Yusek presented the 
Il'Orpho1ogica1 Il'Ode1 shown in Figure 4.68 for a segmented polyurethane 
which has been stretched 200-400% and annealed at 60-1oooC. 
C11ang and Wilkes45 have studied the effects of soft segment length and 
structure on domain morphology of po1yether polyurethanes with a 
urethane-urea hard segment. Samples of po1y(ethy1ene oxide) (PEO) 
polyurethanes were varied in soft-segment Il'Olecu1ar weight (2000-4000) 
while maintaining a relatively constant hard-segment length. WAX!) 
curves showed that crystallisation of the soft segment occurred in the 
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highest rrolecular weight species. A co=esponding DSC end:lthenn was 
present in this sample. SAXS curves showed the presence of donains 
o 
with the crystalline sample exhibiting a sharp Bragg spacing of 180 A. 
Curve invariants showed a systematic loss in value with increasing 
soft-segment length due to increased interfacial mixing. These 
results were also in agreement with theory stating the probability of 
hard-segment association is related inversely to the third power of 
the soft-segment length. Investigation on poly(propylene oxide) (pro) 
polyurethanes led to similar conclusions. However, the preferential 
ordering of hard segments in the PPO samples was greater than in the 
=sponding PEO samples. These observations were rationalised on the 
basis of polymer incanpatibility. Apparently, the lower affinity of 
the hard segments for PPO due to steric hindrance of the extra methyl 
group enhanced phase separation. 
4.4.1.1 Basic Principles 
WAXD has found use in detennining crystallinity and paracrystalline 
order and their orientation in polyurethane 42,94,95. The X-ray is 
generated when high speed electrons strike a metal target in an 
evacuated tube causing ionisation of surface atans and subsequent 
jumping of electrons into vacant orbitals. By this process 
electranagnetic radiation is produced consisting of several distinct 
wavelength maxima, and by use of suitable filters, radiation of a well 
o 
defined specific wavelength (7'= 1.542 A) is obtained. The diffracted 
X-ray can be recorded photographically on a flat plate camera. 
When crystalline materials are exposed to a beam of X-ray, the three 
dimensional array of atans in the crystal scatters the electranagnetic 
radiation in such a way that the scattered waves from different 
crystal lites reinforce each other only in certain directions; 
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elsewhere destructive interference occurs and no scattering is 
observed. These directions are characteristic of the =ientation of 
the crystal with respect to the beam and of the inter-atomic 
separation in the material96 • They are governed by Bragg's law: 
nA " 2d Sin 26 
where A - is the X-ray wavelength 
6 - the Bragg angle 
n - an integer assumed to be 1 in the calculation 
d - the distance between the atonic layers. 
The Bragg angle can be obtained fron the following relation between 
the radius of a reflection (R) and the film to sample distance (L): 
KncMing the angle 6, and by using Bragg' s equation, the d spacing 
between the atonic layers can be calculated. 
4.4.2 Experimental Work 
The WAXD patterns were taken both photographically and with the 
diffractometer. The photographic films were recorded on flat 
photographic films by using a copper target and a nickel filter 
~o, ,/ 
generated by a Joel-Model DX-GO-S X-ray generator at 40 kil~lts and ~ 
30 miti-amperes. Collimation of the X-ray beam was made using a 20 ml )(. 
collimator. The general features of the un! t are shown in Figure 
4.69. __ w\;v2...c.t 
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Samples in the fonn of a strip originally had the dimensions of (60 x 
7 x 2 mn) which were then stretched to· about 100% of its original 
length and clamped onto a perspex =ting bracket. The bracket is so 
designed that the stretched sample passes across a hole in the 
perspex, through which the X-ray is arranged to pass. 'Ihe sample to 
film distance (L) was kept constant (5.8 an) and the exposure time was 
90 mins. 
Also the diffractaneters were obtained for the same samples wh::lse 
sizes were (30 x 30 x 2 mn). 'Ihe diffraction intensity was recorded as 
a function of scattering angle from 3° - 24° (26) at a scan rate of 
10.min-l , with a srroothing time constant of 2 s~. The location 
of the diffraction maxima primarily served to detennine d-spacing 
using the Bragg equation. 
4.4.3 Results and Discussion 
X-ray photographs and traces were collected for a few samples and 
illustrated in Figures 4.70 to 4.77. All the X-ray photographs for 
the samples examined by the X-ray shcMed a wide arrorphous halo, and no 
sign of any crystalline diffraction peaks obtained, as indicated by 
the absence of any sharp diffraction rings. The DSC scans for samples 
TR-MDI-l, and T22-T-60 (both contained vinyl dispersed copolymer in 
their soft segment), revealed the presence of endothenns about 183°C 
and 192°C for sample TR-MDI-l and at 170°C and 1900 C for sample 
722-T-60 (see Figures 4.44 and 4.46), and these are closely related to 
the expected melting point of the hard tirethane segments. These 
contradictory results from two different measurements can be 
interpreted in tenus of the polyurethanes possessing long-range order 
and short-range order. DSC measures heat changes which accanpany the 
first order phase transitions and less well defined order-disorder 
transformations • 
237 
'Iherefore, long range ordering may not be a prerequisite for a DSC 
enCbthenn to oc::=. X-ray diffraction on the other hand, requires the 
presence of long-range ordering where the reflected waves fran many 
planes are in phase. If there is even a small phase difference 
between the waves reflected fran one plane to the next, the waves will 
interfere with each other and there will be no crystalline diffraction 
peak. This analysis suggests that in the low hard segment 
polyurethane materials (block ratio 1/2/1), the hard urethane danains 
may possess some preferential chain ordering, but not long range 
ordering. 'Ihe foregoing statement is proved by Figures 4.74 and 4.75, 
where diffraction peaks are realised for both samples TR-MDI-l and 
722-T-60 indicative of the formation of some semicrystalline 
structures, which accounts for the observed enCbtherms in the DSC 
scans for both samples. 
This was carried out by heating samples TR-MDI-l and 722-T-60 for 30 
mins at 2000 C in order to destroy all the ordered structures, then 
rapid quenching imnediately in cold water to freeze the new amorphous 
structure. Testing by the X-ray diffractometer is performed 
imnediately after drying the samples from the cold water, so that no 
time is given to both samples to recrystallise again. The dotted 
line in Figures 4.74 and 4.75 represent the WAXD curves for the heat 
treated samples and from the curves we can detect the 8IID\n1.t of the 
ordered structure inherited into the samples, which did not appear in 
the WAXD photographs, but only detected by the WAXD curves after 
special heat treatment. 
This coincides with the findings by Abouzahr97 et al., who were ~rking 
on PTMO/MDI/l,4-BD polyurethanes. They found no detectable crystalline 
diffraction by WAXD for samples with less than 35 wt% MDI. Figures 
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4.71 and 4.73 represent the X-ray diffraction plxJtographs of samples 
TR-l and HM-l. In both samples the hard segment is HlzMDI/BD and 
HlzMD!/MOCA respectively. Here also there is IX> indication of the 
soft and hard segment crystallinity being present in the ph::>tographs 
as a single diffuse halo pattern appeared. HoWever the WAXD curves, 
Figures 4.76 and 4.77, proved the presence of soft segment 
crystallinity. It is believed that the hard segment composition 
(H12MDI isomers), as well as the irregularity produced by the 
incorporation of the RP 1343 in the case of sample TR-1 or the 
incorporation of PPG 2025 in the case of sample HM-1 in the soft 
segment backbone did not inhibit the tendency of the soft mixture to 
crystallise. 
4.5 SCANNING ELF.X:TRON MIrnosexlPll' 
4.5.1 Scanning Electron Microsoopy Examination of Surface Moqlhology 
of Polyurethanes 
This instrument is extremely versatile and has found application in 
many branches of science and engineering as it is used to examine the 
characteristics of surfaces since it has high resolution permitting 
highly detailed and in depth studies of surface morphology to be 
carried out using only a small amount of substance, see Figure 4.78. 
The advantage of the SEM is in the speed and ease of viewing of 
samples where little surface preparation is required for polymers. 
With polymer samples, a conductive coating must be applied before 
inserting the specimen into the vacuum chamber of the microscope. The 
coating is normally put on by evaporating or sputtering a conductive 
metal (often gold or gold-palladium alloy), and its purpose is to 
present static charge build-Up on the surface of the specimen. All 
examinations were carried out using the Cambridge Instruments 
Cbmpany's SEM Mark S360. 
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4.5.2 Results and Discussion 
M:nll.ded polyurethane surfaces although often see:ning to be soooth, 
have in practice roughened surfaces due to the incorporation of sane 
other materials or due to the effect of different environmental 
conditions. 
Figures 4.79-4.88 illustrate the surface characteristics of sane of 
the polyurethanes used in this research progranme. 'Ihese SEM studies 
revealed that there were microheterogenities in the surface consisting 
f-
of a variety of structures that apparently depended on 1:xJth the hard 
and the soft segment types and content of the polyurethane. For 
example, the SEM micrograph of PU' S based on Terathane 
2000/HlzMD1/l,4-BD (sample Tl) shows what appears to be a harogeneous 
and uniformly distributed microroughness with no globules or 
inclusions present on the surface (see Figure 4.79). The POlyurethane 
elastomer derived fron 80% Terathane 2000 + 20% RP l343/HlzMD1/BD with 
block ratio of 1/2/1 ( sample TR-1) , showed rrorpho1ogica1 features 
indicative of a type of crimp formation, in addition to the presence 
on its surface of a small inclusions, and also the presence of various 
globules which were thought to be due to the incorporation of the 
vinyl copolymer in the soft segment mixture (see Figure 4.80). These 
globules and inclusions did not appear in the type of polyurethanes 
which consisted of only Terathane 2000 being used as the soft segment 
(Figure 4.79). 
When the level of polymer polyol RP 1343 was increased to 40% in the 
soft segment (sample TR-2) the inclusions becane even more praninent, 
i.e. are greater in number and size than those of Figure 4.80. 
Clearly these inclusions and their heterogenity increase in number due 
to the increases of the vinyl copolymer content as these vinyl 
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copolymer particles form discrete stnlctures with different occlusion 
sizes on the surface of the polyurethane (see Figure 4.81). 
When the chain extender was changed to MJC'A instead of 1,4-BD for 
similar systems, then for example, if we canpare sample 'I'R-l with TRM-
1 i.e. comparing Figure 4.80 with Figure 4.82, the volume fraction of 
the globules is seen to decrease and the surface becanes to saoo 
extent srroother with the disappearance of the heterogenity fron the 
surface (i.e. no globules can be identified even at higher 
magnification) (see Figure 4.82). On changing only ,the diisocyanate 
fron Hl:tIDl to MDl in sample TR-l to sample TR-MDl-l, then for the 
system shown in Figure 4.80, the surface is seen to convert to a 
coarser type with clearly defined globules which belong to the vinyl 
'"') 
copolymer inclusions, and these inclusions and globules based on MDl \ 
are seen to be bigger in size (see Figure 4.83) than their Hl:tIDl 
equivalents. 
When a 10% stoichianetric excess of MDl was used to make a PU (e.g. 
sample R6), then larger sizes of inclusions were observed to appear on 
the surface, and sane of the inclusions are relatively large in size 
(see Figure 4.84), canpared to the equivalent puts where I'D excess 
diisocyanates were used in their formulation (e.g. sample TR-MDl-l in 
Figure 4.83), whereas increasing the urethane content fron 1/2/1 to 
1/3/2 in sample TR-MDI-l to sample NI respectively, then an increase 
in the coarseness of the surface and randomness of the globules 
distribution has also resulted which is demonstrated by the wide 
variety of inclusions of different sizes shown to exist on the 
appropriate polyurethane surface (Figure 4.85). These surface 
imperfections can lead to stress concentrations which apparently act 
as asperities , and the consequent inhomogeneity gives rise to a 
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consequent reduction in the mechanical properties of these 
polyurethane elastaners as seen in Olapter 5, Table 5.14. 
Polyurethanes derived from an RP1343/MDI/1,4-BD (sample RP-MDI) 
produced a polymer with relatively large globules on its surface (see 
Figure 4.86). When the same polyurethane was made using a 10% 
stoichiometric excess of diisocyanate (sample R1), there were no 
Significant changes seen in its surface texture (see Figure 4.87). 
JVbreoVer higher levels of excess diisocyanate than the 10% used with 
sample R1 did not shcM a significant increase in the coarseness of the 
surface which was originally present. 
Polyurethane elastaners based on the polymer pol yol soft segment of 
45B/722 combined with Hl2MDI/l,4-BD as the hard segment (sample 722-H-
BD) were also seen to produce a rough and non-harogeneous surface due 
to the presence of vinyl copolymer in the soft segment mixture (see 
Figure 4.88). 
4.6 SWELLING S'IUDIES 
4.6.1 Determination of Cross1ink Oensi ty by Swelling Measurements 
Dissolving a polymer in a solvent is often a slow p=ess which occurs 
in ~ stages. In the first stage, solvent molecules diffuse into the 
polymer to produce a swollen gel. If the polymer-polymer 
intermolecular forces are high this may be all that happens. However, 
if these forces can be overcane by the introduction of strong pol ymer-
solvent interactions, the second stage of solution can take place and 
the gel will gradually disintegrate into a true solution. 
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Crosslinked polymers do not dissolve in solvents but only swell, such 
that the degree of swelling is inversely proportional to the extent of 
crosslinking. However, the absence of solubility does not imply 
crosslinking since other factors may give rise to sufficiently high 
intenrolecular forces to prevent solubility. 
4.6.2 Experimental Work 
Samples of approximately 30 x 10 x 2 om were weighed, then placed into 
(30) cm3 vials containing toluene (~_~.gx:,:~~~ The samples 
were left at roan temperature-afld-leFt for one week. After this time, 'i 
the Slfx:lllen samples were rerroved fron the vials and reweighed after 
carefully wiping off the excess toluene with a tissue. Since the 
initial weight of each sample was known, it was possible to calculate 
the percentage weight gained in each case by using the following 
equation: 
% swelling by volume- Gain in weight x Specific gravity of specimen x 100 
Specific gravity Initial weight of specimen 
of solvent 
The number average molecular weight between crosslinks, Mc' can be 
calculated fron the Flory-Rehner equation98 : 
where: Vr is the volume fraction of polymer in the Slfx:lllen gel at 
equilibrium 
X is the polymer-solvent interaction parameter 
Vs is the molar volume of solvent 
Mc is the number average molecular weight between crosslinks 
P is the density of polymer 
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The volume fractions of polymer (Vr ) can be calculated from the 
equation: 
where: ml is the weight of the polymer bef=e swelling 
"2 is the weight of the p::>l ymer after swelling 
~ is the density of solvent 
<\- is the density of polymer 
The lOCllar volume of solvent Vs is detennined fron the equation: 
V =!:! 
s d 
where: M is the lOCllecular weight of solvent 
d is the density of et 
The p::>lymer-solvent interaction parameter (x) was detennined fron 
Bristow and watson's99 semi-empirical equation: 
where: SI is the lattice constant, usually about 0.3 
.3";, ~·3t1 
Vs is the lOCllar vol\.UTl9 of solvent 
R is the gas constant 
T is the absolute temperature 
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Os is the solubility parameter of solvent (f= toluene = 8.9 
(cal/cc)1/2 
° P is the solubility parameter of 
(cal/cc)l/2 
polyurethane which 
( \ / I tJJ1 i:hW./) I ' 
The crosslink density, defined as l/2Mc can therefore be calculated. 
As mentioned earlier in Olapters 1 and 2, crosslinking in polyurethane 
can be brought about by using trifunctiona1 po1yo1s, trifunctional 
chain extenders, or by using excess diisocyanate. 
4.6.3 Results and Discussion 
Table 4.34 represents the swelling characteristics of samples based on 
H1:tIDI diisocyanate. It is observed that samples based on H1:tIDI 
diisocyanate and 1,4-BD chain extender with block ratio of 1/2/1 will 
readily dissolve in cold toluene on standing irrespective of whether 
the soft segment is all Terathane 2000, a blend of Terathane 2000 + 
PPG 2025, or a blend of Terathane 2000 + RP 1343 in the ratio of 
80:20. Whereas, polyurethanes based on H1:tIDI and chain extended with 
the diarnine chain extender (MJCA) resisted the dissolution forces 
exerted by the toluene with the various soft segments used and they 
only swelled; this separate behaviour is considered due to the 
formation of polar urea linkages and the occurrence of slightly 
crosslinked structures. As mentioned before, the sample T1 prepared 
fron Terathane 2ooo/H12MDI/1,4-BD and with the block ratio 1/2/1 did 
dissolve in toluene, while samples T2 and T3 with the higher block 
ratios of 1/3/2 and 1/4/3 respectively, did not dissolve. Therefore 
the higher block ratio is believed to impart improved solvent 
resistance due to its increased hard segment, which individually acts 
as a tie down point to crosslink the polyurethane. The same conclusion 
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is applied to the sample THM-l which dissolved in toluene, while 
samples THM-2 and THM-3 with higher block ratios only became swollen. 
Table 4.35 shows the effect of using the MDI diisocyanate on the 
swelling properties of polyurethane elastcmers based on a mixed soft 
segment content of Terathane and either PPG 2025 or RP1343. It can be 
observed that adding either the PPG 2025 or the RP 1343 to the 
Terathane 2000 in concentration of 20% has improved the swelling 
characteristics of the Terathane 2000 based polyurethanes. The 
reverse trend in swelling is observed when the level of either PPG 
2025 or RP 1343 is increased in the soft segment part of the mixture 
(i.e. the swollen volume increased with the consequent decrease in the 
=sslink density). 
Table 4.36 shows the swelling characteristics of polyurethanes based 
on the polymer polyol of Terathane 2000 + 20% vinyl =polymer/MDI/l,4-
BD with a block ratio of 1/2/1. The presence of vinyl =polymer in 
the Terathane 2000 based polyurethane has improved the swelling 
characteristics considerably. The vinyl =polymer of 2:1 (PS/ACN) 
produced polymers with less solvent uptake than polyurethane 
elastaners using the vinyl =polymer of 1:1 (PS/AOl). When the soft 
segment is composed of 20% PPG 2025 + 80% 45B/722, then the resultant 
polyurethanes shcMed better swelling characteristics than all the 
other polymers prepared which are based on the polymer polyol of the 
Terathane 2000 series. Diluting the vinyl =polymer in the 45B/722 
soft segment by the addition of pure Terathane 2000 has been shown to 
result in an increase of the percentage swollen volume and a decrease 
in the crosslink density. Both samples 722-H-BD and 725-H-BD did 
dissolve on imnersion in toluene. Adding catalyst to both samples was 
observed to enhance the solvent resistance and they then only swell 
without disintegration in toluene. 
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In Table 4.37, the swelling characteristics of POlyurethane e1astaners 
has been tabulated for the polyurethane elastaners series which used 
an excess of diisocyanate and 1,4-BD as the chain extender, with block 
ratio of 1/2/1. The chemical crosslinking introduced into these 
polymers has brought an increase in their solvent resistance, and the 
higher the excess diisocyanate the better is the swelling 
characteristics of the polymers irrespective of the type of 
diisocyanate used. Polymers with MDI diisocyanate produced much 
better swelling resistance than H12MDI based polymers. 
Also of interest, is that increasing the level of RP 1343 in the soft 
segment decreases the crosslink density and increases the solvent 
uptake i.e. when comparing the following two samples with each 
containing 10% excess diisocyanate, the first based on 80:20 
(Terathane 2000/RP 1343), sample R6, and the second based on 60:40 
(Terathane 2000/RP 1343) sample R9, their crosslink densities were 
found to be 8.14 x 10-5 and 10.72 x 10-5 mole.g-1 respectively. 
The effect of using catalyst on the properties of the polyurethane is 
evident in samples R5 and R15 in which more catalyst has been used 
with the fonner sample which exhibited better swelling characteristics 
than the less lightly crosslinked sample R15. 
As mentioned earlier in the discussion, polyurethane elastaners based 
on PPG 2025 or a mixture of PPG 2025 and Terathane 2000 with 
H1zMDI/1,4-BD as the hard segment have been dissolved in toluene in 
spite of their being crosslinked with excess diisocyanate and coupled 
with the use of catalyst (samples H4, H5, H6, P4, P5 and P6). This 
indicates that the incorporation of a vinyl copolymer has improved, to 
a large extent, the solvent resistance of the polyurethane polymers. 
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TABLE 4.29: IR Results Based on NI! Absorption Peaks. Effect of Olain 
Extender. 
PU Type: Soft segment/HlzMD1/0lain Extender 
Block Ratio (1/2/1) 
% Hydrogen J3ondi.rg 
Soft Segment (~ er 
MJCA 1,4-BD 
, 
RP 1343 66.16 
\ 
. \ 58.07 • 
80% Terathane 2000 + 20% RP 1343 69.90 
I I 66.04 
62.\51 
i 
PPG 2025 67.39 i \ I 
80% Terathane 2000 + 20% PPG 2025 66.06 59.7~i 
TABLE 4.30: IR Results Based on NH Absorption Peaks. Effect of Type 
of Diisocyanate. 
PU Type: Soft Segment/Diisocyanate/1, 4-BD 
% en Jhnninq 
Soft Segment Diisocyanate Type 
H12MDI MDl 
( . 
RP 1343 58.07 56.60 
I 
PPG 2025 62.15 60.~4i 
80% Terathane 2000 + 20% RP 1343 66.04 56.35 
80% Terathane 2000 + 20% PPG 2025 59.70 56.kJ 
\J 
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TABLE 4.31: IR Results Based on NH Absorption peaks. 
Sample 
RP-MDI 
R1 
R2 
R6 
R7 
R8 
R12 
R13 
R14 
RHM 
R16 
R17 
R18 
Effect of Excess Diisocyanate 
Type of 
Diisocyanate 
MDI 
MDI 
MDI 
MDI 
MDI 
MDI 
H12MDI 
Hli~DI 
H12MDI 
H12MDI 
H1zMDI 
H1zMDI 
H1zMDI 
% Excess 
Diisocyanate 
10 
20 
30 
20 
30 
10 
20 
30 
10 
20 
30 
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% Hydrogen 
Bonding 
NH-Group 
59.90 
56.83 
53.98 
61.55 
52.94 
54.08 
67.58 
63.98 
62.97 
66.61 
65.76 
60.16 
55.56 
TABLE 4.32: IR Results Based on NH Absorption Peaks. 
Sample 
TR-MDI-l 
TR-MDI-2 
TR-MDI-3 
p-MDI-l 
p-MDI-2 
p-MDI-3 
,722-T-60 
722-T-40 
722-T-20 
TR-l 
TR-2 
TR-3 
HI 
H2 
H3 
Effect of Incorporation of Vinyl Copolymers or PPG 2025 
into the Soft Segment for 1,4-BD Based Polyurethane 
Elastaners. 
Block Ratio (1/2/1) 
Diisocyanate % Hydrogen Bonding 
NH-group 
, 
MDI 56.35 
57.51 " 
62.73 
63.69 , , 
64.69 I 
61.23 , 
57.54 
62.47 
64.77 
HltJOI 66.04 
60.51 
" 57.99 
" 59.70 
" 63.10 
" 62.82 
TABLE 4.33: IR Results based on NH Absorption Peaks 
Effect of Block Ratio 
PU type: 80% Terathane 2000 + 20% RP 1343/MDI/l,4-BD 
Sample Block Ratio % Hydrogen Bonding 
NH-group 
TR-MDI-l 1/2/1 56.35 
NI 1/3/2 77.12 
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TABLE 4.34: % Swollen Voluroo and Crosslink Density of Polyurethane 
Elastaners Based on H1:zMDI Diisocyanate 
PU Type: Soft segment/H12DI/0Jain Extender 
Sample % Swollen Crosslink Sample % Swollen Crosslink 
No Voluroo Densi tyx105 No Voluroo Densi tyx105 
(%) (nole/gm) (%) (nole/gm) 
T2 193.58 17.718 HM-2 594.0 1.15 
T3 119.5 40.215 HM-3 932.0 0.484 
THM-l 193.51 15.28 TR-2 634.2 0.847 
TR-3 660.0 0.665 
THM-2 324.0 4.75 RHM 432.0 2.43 
THM-3 138.0 29.0 TRM-l 288.3 6.35" 
P2 492.0 1.8 TRM-2 176.0 18.42" 
HM-l 595.0 1.15 TRM-3 694.0 0.816 
TABLE 4.35: % Swollen Volume and Crosslink Density of Polyurethane 
Elastaners Based on MDI/l,4-BD. Block ratio (1:2:1). 
Sample 
No 
TI-MDI 
P-MDI 
P-MDI-1 
P-MDI-2 
P-MDI-3 
RP-MDI 
TR-MDI-l 
TR-MDI-2 
TR-MDI-3 
PU Type: Soft Segment/MDI/1,4-BD 
% Soollen 
Volume 
( %) 
288.60 
307.22 
268.6 
830.6 
771.6 
317.6 
261.4 
450.0" 
695.7 
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Crosslink 
DensityX105 
(nole/gm) 
6.367 
5.367 
7.41 
0.504 
0.602 
5.0 
8.2 
2.1 
0.792 
TABLE 4.36: % Swollen Volume and crosslink Density of Polyurethane 
Based on PTHF + 14% Polystyrene and PTHF + 10% 
Polystyrene. Block ratio (1:2:1) 
Sample % Swollen crosslink Sample % Swollen Crosslink 
No Volume Densityx105 No Volume Densi tyxl05 
(%) (rrole/grn) (%) (rrole/grn) 
45£/.72:< 160.0 22.35 722-T-60 188.0 18.3 
45B/"I25 173.0 20.20 722-H-BD Dissolved 
20P/722 153.0 25.26 725-H-BD Dissolved 
722-T-20 181.0 18.75 722-H-BD 436.0 2.5 
+ catalyst 
722-T-40 184.0 18.60 725-H-BD 449.0 2.33 
+ catalyst 
Tl-MDI 288.6 6.37 
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TABLE 4.37: % Sw:>llen Volume and Crosslink Density of Polyurethane Elastaners 
with Excess of Diisocyanates. 
Block ratio (1:2:1) 
Sample % Excess % Sw:>llen Crosslink Sample % Excess % Sw:>llen Crosslink5 No Diisocya- Volume Densi tyx105 No Diisocya- Volume Densityx10 
nate (%) (%) (lIDle/gm) nate (%) (%) (lIDle/gm) 
RI 10 260 7.85 R13 20 875 0.4527 
R2 20 207 12.9 R14 30 995 0.329 
R3 30 130 36.7 R15 30 760 0.63 
R5 20 172 19.03 R16 10 300 5.7 
R6 10 265 8.14 R17 20 238 9.6 
R7 20 218 12.05 R18 30 260 7.72 
R8 30 225 12.27 P7 10 390 3.09 
R9 10 232 10.72 P8 20 288 6.23 
RlO 20 170 19.69 P9 30 140 29.17 
Rll 30 184 17.73 
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Fig.4.58. Infrared Spectrum of Polyether Based Polyurethane Using Micobeam Condenser. 
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Fig.4.S9. Infrared Spectrum of Polyester Based Polyurethane Using Micobeam Condenser. 
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Polyurethane Elatomers. 
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3000 
I~frared light 
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Fig.4.61. Attachment for (a) attenuated total reflectance A.T.R. and (b) multiple 
internal reflectance M.I.R. measurements. (Provided th e refractive 
index of the prism 1 is greater than that of the sample medium 2, and 
the angle e is greater than the critical angle). 
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FigA.63. IR Spectra of Sample TR-MDI-l. 
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Fig.4.64. lR Spectra of Sample R2 (20% Excess Diisocyanate). 
PU type : RP1343/MDJ/J,4-J3D. J3lock Ratio (1/2/1). 
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FigA.65. The IR Transmission Spectra of Terathane 2000/HIZMDWy!QCA 
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FigA.66. Three Dimensional Hydrogen-Bonding. 
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Fig,4.67. IR Spectra of Samples TR-MDI-J and NI. Effect of lllock Ratio on the JJydrogen 
Bonding at the NH and Carbonyl Regions. 
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Fig.4. 6S .Model of highly oriented, segmented polyurethan.:.(A) Stress-crystallized 
polyester or polyether; (E) ordered but noncrystalline polyester or polyether; (C) 
amorphous "wlution" of hard and soft segments; (D) crystalline hard-segment (urelh"nJ 
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Fig.4.70. Wide Angle X-Ray Diffraction Photograph for Sample TR-MDI-l. 
PU type : 80% Terathane 2000 + 20%RP1343/MDI/1,4-BD. 
Block Ratio (1/2/1). 
Fig.4.71. Wide Angle X -Ray Diffraction Photograph for Sample TR -1. 
PU type : 80% Terathane 2000 + 20%RP1343/H12MDI/1,4-BD. 
Block Ratio (1/2/1). 
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Fig.4. 72. i e Angle X-Ray Diffraction Photograph for Sample 722-T-60. 
u : 40% 4SBn22+60%Terathane2000/MDI/I,4-BD 
BI k Ratio (1/2/1 ). 
Fig.4. 73 . . 'de Angle X-Ray Diffraction Photograph for Sample BM-I. 
. u ype: 80%Terathane 2000+20%PPG2025/H12MD1/MOCA 
I k Ratio (1/2/1). 
265 

r-- - ~ ~T T-i~ l' -j- '1 H' !,.l · 
',-- 1· ·· ·· ~I··.,. ";: i '; ~ ' ':!. 
-!.- -I ' : _.,: .. '; I' : ~ I; . t 
! _ . -._-- -;-' -+-:' 'C-' _. •• I ' .,,' ! J I· 1: 
, >;t:iJrl' ~ ;'; I': • ; t ~ t . . I I. " 
, ..... ,. '1 "1 1 
+--"'t..,.- , •• • • , 
Sample flr-?'I D1 - 1 
Un l t'<_"l t e d 
I ' ! I ! t I I I 
"" ,.1, I' ., ____ _ _ _ 
~ :~~ ~~j: :+ ,; . Qu enched ill Cold ,la t e r 
I· :i~ :j~~; !-, :: ; I'll!: , ....... . - I;-..l..-l ,- I I , . • I I' 
.. . 1 _ • .• I ~- • -j -! .... .. ~ . 
i::rt 1'- i: j~: I ; ~ . i ~ i 11 : i ' , 
'-j.. ~ 1- r ~ : ••• : • r 1; ! ~ , 
·-1' .... .. - , -. - t • •• • I • I . I , I 
~ - ,- ,- ,- - .. - " '1'---" "" j rf- - -~ - I ' . ~ ~! 'I' ~ ___ ~7::: - ~ -: I .-~ ~ - jl' -~l j ::.' . 
• 1-1 • - , . . I . . . " . I' .'. I 
-+- ~--.- . ' 1' .. -. !, • I" . 1 ' 1 I I ~ " t • • •• I . I : : r 
:~--;:- .;.:~ -~ :'1 . -, -: 1 ' :; I 1 ;. ~~ -0/·::: -:I-·--I:-:.1'·:·j :I· ~; tl\ ' .. "'-- l" --:,i i
l
, 
" - - \ ' -. I • - I , . . : ./ .~ , 
. -=- ~ I ~-:-:-- I .. : - :-: .. :" _.. - ~ W • I . -- . I '1 ... ---J--- !-
:~ ~-: - 1""1 . 1: ,J ! . ! \ ': I i I 
.1_. .. '-' . I ! L I \. ! i: I 1 
, . I: .. _  
1 i . 
. I 
V\ I : 
, 1 ' 
I. 
I· 
3 ~;-I:~- T . } . . i . \ Z' 'l : 1' "1-... : .... 
: ::: 1·-: i - '. f i ' : • i '; " 1 I i , I w- ~"' r --' ~ ~ I "~ -.-.. I • I • . I I , , • • , N ' , ,. ..... . -, I . t ·· I . ~ ~ 
/ 
.. :. . ; ,/ I· I l i ........ I ' I I '~-l : . I ': . / i . . " ' I..... 1 , ~ .j. "'- I 
I" ~. " /. .., ; ,' - - _ r- I ~ ! -. ' 
: •. L . .. ;. I :! i I . I. i 
. -..........1 ~_ ~ , 
.:~. l : 
... I· 
--- --, 
4,31 
• ! I . ! 
• I . ! 
Fig.4.74. W AXD ClIrves for Sample TR-MDI-1 
PU type: 80% Terathane2000 + 20%RP I343/MD1/l,4-13D. 
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PU type : 80% Terathane2000 + 20%PPG2025fH12MDI/l A-BD. 
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FigA.78. Aschematic diagram showing the operation of a scanning electron 
microscopy. The electron beam is focused on to the scanned 
specimen (S) by the condenser lenses CL1, L2 and L3). The 
secondary electrons are convened into a current by the detector ; 
this curren is then amplified and used to contr01 the brighmess of 
the viewing tube. 
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Fig.4. 79. SEM Micrograph for Sample TI (Terathane 2000!H12MDI/l,4-BD) 
Block Ratio 1/2/1 . Magnification 400x. 
Shows a homogeneous and lInifom11y disoibuted microroughness 
Fig.4.80. SEM Micrograph for Sample TR-I (80% Terathane2000+20%PR1 343/H12MDI/BD) 
Block Ratio 1/2/1. Magnification 400x. 
Shows a characteristic crimping of the sample in addition to the presence of a 
surface inclusion and variolls globules. 
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FigA. 81SEM Micrograph for Sample TR-2 (60%Terathane2000+20%RP1343IH 12MDI/ I,4-BD: 
Block Ratio 1/2/ 1. Magnification 2000x. 
Shows that increasing the vinyl copolymer has increased the number and size of th 
inclusions and globules on the surface. 
F igA.82SEM Micrograph for Sample TRM-l (80%Terathane2000+20%RP1 343IHI 2MD1/MOCA 
Block Ratio 1/2/1. Magnification 200x. 
Shows that the Polyurethane surface is smooth and no globules can be seen. 
""" 
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Fig.4.S3. SEM Micrograph for Sample TR-MDI-I (SO%Terathane2000+20%RP!343/ 
H J2MDI/ lA-BD). 
Block Ratio 1/2/ 1. Magnification 5000x. 
The MDI dii socyanate has produced inclusions on the surface which are bigger in 
size than the corresponding HI2MDI based PU. 
Fig.4. 84. SEM Micrograph for Sample R6 (with 10% stoichiometric excess diisoc(nJe). 
Block Ratio 1/2/1. Magnification 2000x. U I 
Using MDI diisocyanate coupled with the presence of the vinyl copolymer the : 
The excess diisocyanate has caused the inclusion to grow in size. 

Fig.4. 85. SEM Micrograph fo r Sample NI (80%Terathane2000+20%RPI 343IMD!/BD). 
/ Block Ratio 1/3/2. Magnification 2000x. 
Increasing hard segment length has increased cdarsne s with various sizes of 
inclusion which are randomly distribllted on the su \ ace 
Fig.4. 86. SEM Micrograph for Samrle RP-MD! (RP 1343/MDI/BD). 
Block Ratio 1/2/1. Magnification 2000x . 
Using MD! diisocyanate; ouplcd with the presence of the vinyl copolymer the 
largest inclusion and COtG~s seen in the whole of the samples examined by the 
SEM. ~ 
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Fig.4.87. SEM Micrograph for Sample RI (RP1343/MDl/I,4-BD). Effect 
of 10% Excess Diisocyanate. Block ratio (1 /2/1). 
Magnification 5200x . 
Shows a relatively large globules on the surface. 
Fig.4.88. SEM Micrograph for Sample 722-H-BD(45Bn22/H MDT/I A-BD. 
Effect of dispersed Vinyl Copolymer in the Soft Segment. 
Block ratio (1/2/1). 
Magnification 1900x. 
Shows a rough and non-homogeneous surface mainly due to the 
presence of the vinyl copolymer. 
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CHAPTER FIVE 
GENERAL MECHANICAL AND 
PHYSICAL PROPERTIES 
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5 . STRESS-STRAIN PROPERTIES S'IUDIES FOR POLYUREl'HANE El.J\S'lU1ERS 
The stress-strain properties were studied in order to understand lIOre 
about heM the structural and lJDrpIxllogical changes which take place 
with deformation of polyurethanes affect the mechanical properties. 
The two phase structure of polyurethanes is presently considered the 
major morphological factor leading to high strength in linear 
polyurethane copolymers. Other factors which ar e affecting the 
strength are the volume fraction of the hard segments, type and size 
of domain segments, the possible occurrence of strain- induced 
crystallisation, and the intermolecular bonding within the hard 
danains. 
Smi thlOO has proposed a three step !lOdel for elastaneric fracture 
involving an init iation step, SlCM crack growth, and catastrophic 
crack propagation. Since initiation is largely controlled by flaws or 
heterogenei ties in the sample and catastrophic propagation = once 
a crack reaches a certain size . strengthening processes are generally 
thought to retard SlCM crack growth or to prevent cracks from reaching 
catastrophic size. In the rubbery phase, crack growth can be retarded 
by energy dissipation through viscoelastic processes near the crack 
tip, particularly in the narrow temperature region of leathery 
viscoelastic response. Highly oriented chains tend to impede the 
growth of cracks transverse to the applied load, while strain induced 
crystallisation generates plastic clcmains which retard and deflect 
graving cracks . 
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Studies101 ,102 of two po1y(tetrarnethylene oxide) polyurethanes (MDI-BD 
based) of approximately 50% by weight hard segment content each 
daronstrate the effect of difference in cbnain size. At low strain, lR 
dichroism results, shJw:ing that the hard segments in the sample ET-38-
2 (2000 molecular weight soft segment) orient transverse to the 
direction of stress. Parallel orientation is achieved at higher 
stress levels. FUrthernore, at fixed strain, reorientation of the 
segments is time dependent. The orientation of the hard segments for 
the polymer sample ET-38-l which has block lengths 50% of that of the 
polymer ET-38-2 is always parallel with the stretch direction and much 
less relaxation is observed. This is because the hard segment cbnains 
for the polymer ET-38-l are shorter in length and =~rystalline, I( 
whereas those for ET- 38 - 2 are crystalline, which results in the 
differences observed . ET-38-l cbnains can be deformed readily and 
disrupted quickly, allowing rapid relaxation and parallel orientation 
unlike the crystalline ET-38-2 which tends to oppose cbnain disruption 
and reorientation. 
5.1 TENSILE STRENGrn PROPERTIES 
Uniaxial stress-strain properties were measured at roan temperature 
LJ"'1d. 
according to BS 903: Part A2: 1971, in ~a J J tensile testing machine 
<"-
Model T5OO2 (J J Lloyd Instruments Ltd, · , Southampton, England) 
in ocnjunction with an X-Y plotter (OP4 recorder) using the following 
ocncli tions: 
Crosshead speed 
Load cell 
= 200 mm/min 
= 500N 
Paper to cross head ratio = 1:2.5 
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Test specimens were BS dumbell type 2, and the thickness was 2-3 rtrn. 
Three specimens were used for each sample and the reported data were 
the average of the three tests. The properties determined by this 
measurement are: 
a) Ultimate Tensile Strength 
This is the maximum tensile strength reached in stretching the test 
piece to breaking point. The urs is calculated as follCMS: 
Force at break (N) urs;-__ -'-'="=-='----"'='-'----'-'-'-L __ -,,-
Initial cross-sectional area (nrn2 ) 
b) l"bdulus at a given tensile strain (100% or 300%) 
MPa 
This is the tensile stress in the test length when subjected to a 
given strain . It is calculated as follCMS: 
l"bdulus (at 100% or 300%) ; _....:Fc::o"'r;.::ce::::-'a:::.t::......::a'--"'g"'iv.:cen"'-'---=s'-'Lr=all1:::· ,",-,(,-,N-,-,),--~ MPa 
Initial cross-sectional area (nrn2 ) 
c) Elongation at Break 
This is the tensile strain in the test length at breaking point. It 
was found by countin;! the number of centimetres and express.irq the 
result as a percentage of the initial distance. For type 2 test 
pieces, the initial distance is 25 nrn . The paper to crosshead ratio 
was 1:2.5. 
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5.1.1 Results and Discussion 
5 . 1.1 . 1 The H1ZMDI series 
a) The 100% Terathane 2000 soft segment series 
Samples numbered Tl , T2 and T3 r epresent a 1,4- BD chain extended 
series . Samples THM- l, THM- 2 and THM- 3 represent a MJCA chain extended 
series, see Table 5 . 1. In these two series the tensile strength, 
m::xlulus and e l ongation at break properties of MJCA chain extended 
polyurethanes much exceed that of t he 1 ,4 - BD series at al l block 
ratios . This establishes that the expected or kn:Jwn pattern of MJCA 
cured polyurethanes as being superior to their 1,4- BD equivalents and ..we VJ~d ..., 
~~/ et§' the oontrol f or this =rk. 
The tensile properties for both series (Table 5.1 ) were as expected, 
to show a substantial increase in ms, m::xlulus and hardness, while the 
e l ongation at break decreases with increasing hard segment =nt ent . 
The m::xlulus results are =nsistent with the [Ml'A results and are / 
attributed to an i ncreasi ng degree of interconnectivity of h ard 
~ -----------
clanains as the material changes fron a predcminant1y soft segment 
polymer to a predcminantly hard segment and rigid polymer. 
b ) The Terathane 2000: PPG 2025 soft s egment series, block ratio 
(1 / 2/ 1 ) 
Sampl es numbered HI' H2 and H3 represent a 1 , 4- BD extended series, and 
samples HM-l , HM- 2 and HM-3 represent a MJCA chain extended series 
(Table 5 . 2 ) . In these two series, PPG 2025 is blended in increasing 
proportions with the Terathane 2000 fron (80:20) to (40 : 60) . I t can 
be c l early seen that the addition of PPG 2025 to the Terathane 2000 
has resulted in the rel ative strength rating of the MJCA and 1 , 4 - BD 
seri es being reversed. The 1,4- BD series has generally s uperior 
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properties over the M)CA series for a fixed soft segment mixture, a 
surprising reversal of the conventional polyurethane technology. TIlls 
1,4-80 series advantage is substantial at a PPG 2025 proportion of 20% 
but progressively diminishes as the PPG 2025 proportions rise fran 20% 
to 60%. Havever generally for a Terathane 2ooo/ PPG 2025 blend, the 
1,4-80 series is seen to have substantially superior physical 
properties over the all Terathane 2000 only based polyurethanes 
especially tinse with the l=er PPG 2025 proportion blends, and their 
properties are superior to the conventional M)CA equivalent series. 
c) The Terathane 2000: RP 1343 soft segment series 
The RP 1343 contains both PPG 2025 and polymerised styrene and 
acrylonitrile. The effect of the vinyl copolymer phase o n the 
mechanical properties is made by means of the follaving canparisons: 
Terathane 2000: RP1343 (80: 20 ) with block ratio (1/ 2/ 1) 
The results in Table 5.3 have indicated that the presence of RP 1343 
,.ith Terathane 2000 in the 1,4-80 and the M)CA series has inereased 
tensile strength, elongation at break and hardness of both the 
Terathane 2ooo/ RP l343 and Terathane 2ooo/ PPG 2025 series. 
Table 5.4 shows that the addition of RP 1343 to Terathane 2000 
increased the tensile strength of polyurethanes in the 1,4-80 and MJCA 
series over that of the Terathane 2000 : PPG 2025 blend and over the 
all Terathane 2000 based polyurethanes. Elongation at break and 
hardness also in=eased when both RP 1343 and PPG 2025 had been mixed 
with Terathane 2000 for the 1,4-80 series. The elofYJation at break for 
the blend of Terathane 2000: RP 1343 (60:40) is observed to de=ease, 
whereas the hardness remained unchafYJed when M)CA was used, while for 
polyurethanes based on Terathane 2000: PPG 2025/ H12MDI / MOCA, the 
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elongation at break is seen to increase, coupled with a lower or 
inferior hardness to that of the Terathane 2000/ H12MDI / MOCA 
polyurethanes. 
Terathane 2000 : RP 1343 ( 40:60) with block ratio (1/ 2/ 1) 
It is seen from Table 5.5 that the blend of Terathane 2ooo/ RP 1343 in 
the ratio of 40: 60 has in=eased the tensile strength, elongation at 
break and hardness for the 1,4-8D series, whereas lower tensile 
strength was obtained for the MX::A series. For the 40:60 ratio of 
Terathane 2000/ PPG 2025 (i .e. PPG 2025 is the major phase) the 
strengths of all the reSulting polyurethane elastomers are poor 
canpared to the situation in which Terathane 2000 is the major phase 
( i. e. 80 : 20 and 60 : 40 series). Hence increased catalyst proportions of 
the chain extender stage and/ or use of catalyst in the prepolymer 
formation stage could enhance the physical properties. 
d) The 458/ 722 and 458/ 725 soft segment series with block ratio 
(1/2/1) 
The polyurethanes produced from these soft segments have a lcwer UTS 
and ill but higher modulus than both Terathane 2000 and the blend of 
Terathane 2000 with RP 1343 when = catalysts were used. If catalyst 
was used, very tcugh porous elastomers were obtained . Thus it is not 
practical to canpare the mechanical properties of these porous samples 
with sample Tl or sample RP. In general, the soft segment of 458/ 722 
or 458/ 725 used with H12MDI / l , 4-8D as the hard segment has resulted in 
polyurethanes of much better physical properties when catalyst was 
used in these formulations. The values of the mechanical properties in 
Table 5.6 give an indication of the trend of behaviour of the samples. 
The relatively higher hardness values of the catalysed samples can be 
taken as a measure of the better physical properties capable of being 
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produced fron those soft segments when catalyst was used in their 
formulation . The 45B/ 725 soft segment based polyurethanes sl'n-Ied rrore 
tendency to retain entrapped gases than those based on the soft 
segment of 45B/ 722 (i.e . 45B/ 722 gives lower viscosity polymers than 
45B/ 725). This was indicated by the lower urs and lower EB of sample 
725- H-BD due to higher quanti ties of gases entrapped. 
5 .1 .1. 2 The MDl Seri es with Block Ratio (1/ 2/ 1) 
The dissolution and swelling experiments have shown the existence of a 
lot of bubbl es inside all samples prepared fron the blend of RP 1343 
and Terathane 2000 at all the proportions used. These bubbles have a 
big deleterious effect on the mechanical properties and reduce to a 
large extent the values of the UTS. Therefore the reoorded values of 
UTS are much less than the actual values obtained when samples are 
bubble free. 
No experimental means were found to relate the number of air bubbles, 
the reoorded or relative values of urs and the real values of urs 
which these polyurethanes would possess. Frcm stretching by hand a 
thin strip chosen fron a sample which is relatively bubble free, it is v}·r 
believed by the author that the real values of urs will be n::>t less 
than three times greater than the recorded values. All the 
polyurethane elastaners based on Terathane 2000 : PPG 2025 did n::>t 
shcM any sign of entrapped air. 
a) The Terathane 2000: PPG 2025 soft segment series 
It can be seen fron Table 5.7 that blending of PPG 2025 until the 
proportion of 40% with Terathane 2000 produced polyurethanes with 
higher UTS and EB than polyurethanes based on all Terathane 2000 alone 
or using PPG 2025 alone as the soft segment. Thus a reduction in cost 
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of the soft segment proportion of these polyurethanes by about 35%, 
and with better mechanical properties in the blend can be achieved . 
Higher arrounts of PPG 2025 than this 40% level in the blend with 
Terathane 2000 to ccrnprise the soft segment produced a nn.Ich softer 
polymer with nn.Ich l ower UTS and hardness. Here the presence of 40% of 
PPG 2025 represents an optimum proportion. 
b) The Terathane 2000 : RP 1343 soft segment seri es 
As mentioned earlier, the values in Table 5.8 are for the polymers 
.,i th a lot of bubbles inside them . However it can provide us with an 
idea about the effect of the inoorporation of RP 1343 with Terathane 
2000. It can be seen that the hardness is improved when about 20% RP 
1343 is used . Increasing the RP 1343 oontent is seen to produce a 
soft polymer with low modulus. 
c) The 458/ 722 and 458/ 725 soft segment series 
It is clear fran Table 5.9 that incorporation of dispersed particles 
of (PS) and (AOI) in a polyurethane based upon Terathane 2000 has 
raised the hardness significantly quite apart fran the fact that a lot 
of air bubbles are seen to exist in these sarrples. The pattern of 
in=easing the arrount of Terathane 2000 in samples 722-T-20, 722- T-40 
and 722-T-60 showed a decrease in the UTS due to the dilution of the 
dispersed phase of (PS) and (AOI) as the proportion of Terathane 2000 
increases fran 83% in sample 722-T-20 to 88% in sample 722-T-60. This 
reduction in the magnitude of tensile properties is due to the 
reduction in the percentage of vinyl oopolymer particles in the soft 
segment, as the vinyl particles are considered to increase the 
capacity for energy dissipation, and reduces thus the driving force 
for crack formation and propagation. They also contribute to the 
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deflection and retarding of the growing crack from reaching a 
catastrophic size. 
The blend of 20% PPG 2025 with 80% 45B/ 722 produced a polyurethane 
with better mechanical properties than the blend of 20% Terathane 2000 
to 80% 45B/ 722 and hence a =st reduction resulted. 
The higher rrodulus at 300% elongation of samples 45B/ 722, 45B/ 725, 
722- T- 20, 722-T-40, 722-T-60 and 20P/ 722 over sample T -MDI is an 
indication of being able to achieve better physi cal properties when a 
vinyl copolymer is incorporated in the soft segment. 
5.1.1.3 Using Excess of Diisocyanate 
Tables 5 .10-5.13 represent the patterns of the behaviour of mechanical 
properties when an increasing arrount of excess diisocyanate is used . 
Generally in the crosslinked polyurethane elastarers, higher tensile 
strength and hardness were observed with a drop in the elongation at 
break. Keeping in mind that the higher the percentage of 
diisocyanate, the !lOre will be the gases entrapped into the polymer 
( see Figure 3.4) . The following canparisons have been used to explain 
the effect of using excess diisocyanate in polyurethanes with respect 
to their mechanical properties, e .g . for elastarers with the block 
ratio of (1/ 2/1). 
a) The RP 1343 soft segment series 
With increasing excess diisocyanate the RP 1343 / MDI / 1,4-BD 
polyurethane elastarers all stxJw an increase in their ms, rrodulus and 
hardness. Elongation at break for example increases slightly when 10% 
excess diisocyanate is used and then decreases when higher levels of 
diisocyanate are used. These effects are attributed to the increased 
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concentration of aromatic rings which provide rigidity, and to 
increased hydrogen bonding and polarity (see Table 5.10). When a 20% 
excess of H1tIDl is used the illS, EB, modulus at 100% strain and 
hardness are increased by 370%, 750%, 47% and 24% respectively (see 
Table 5 .lOa ). 
b ) The Terathane 2000/ RP 1343 soft Segment series 
For a mixed soft segment of (80:20) Terathane 2000 : RP 1343 an 
improvement in the mechanical properties has been observed by using 
10% excess MDl diisocyanate; the illS and the elongation at break are 
seen to increase by 70% and 84.5% respectively. Higher percentages of 
diisocyanate reduce the mechanical properties (see Table 5 . 11 ) . When 
the level of RP 1434 in the soft segment mixture was made 40%, then 
the illS of the polymers produced was observed to increase by 70% when 
10% excess diisocyanate was used, and by 84% when 20% excess 
diisocyanate was used. A reduction in all the mechanical properties 
was observed when 30% excess diisocyanate was used. The hardness 
changed fron 69- 72 (see Table 5. 11a) . For the 60 :40 Terathane 2000: 
RP 1343/ H12MDl/ l,4-BO series it has been found that using 10% excess 
diisocyanate has improved the mechanical properties little . Higher 
percentages of excess H12MDI than the 10% caused an appreciable 
decline in the mechanical properties. 
For this series only the hardness increases linearly with the rise in 
the level of excess diisocyanate used (see Table 5 .11b) . 
c) The PPG 2025 soft Segment series 
Table 5.12 shows the mechanical properties for polyurethanes based on 
PPG 2025 / MDI / 1, 4 -BO . It can be shown that a reduction in the 
mechanical properties is obtained when an excess to the stoichianetric 
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arrount of M:>I diis=yanate has been used . Only the hardness changes 
from 60 to 69 . Tabl e 5 . 12a shows the data for PPG 2025/ H1zM:>I/ l,4- BO 
based polyurethanes where the low tensile properties are well 
documented, and are generally attributed to t he presence of the 
pendant group on the backbone of the soft segment which inhibits 
strain-induced crystallisation, and the formation of arrorphous hard 
segments from the isaners of H12M:>I with 1,4-BO. An enhancement in the 
mechanical properties has been achieved when excess H12MOI 
diis=yanate is used, especially at the 20% level, as above this level 
of excess diis=yanate, the improvement in the mechanical properties 
is observed to decrease . The hardness changes from 50 to 63. 
5 .1.1 .4 using Higher Block Ratio 
Increasing the block ratio has decreased the mechanical properties 
considerably as the material became very brittle, and the decrease in 
elongation at break is particularly marked (see Table 5 . 14) . This 
behaviOur may be a result of the ocmpositional heterogeneity of sample 
NI, which then exhibits brittle behaviour at high hard segment 
contents, since it is a blend of different materials, and thus gives 
rise to properties that are similar to those of brittle plastics. 
5 . 2 HARDNESS 
The hardness of all the polyurethane elastomers prepared was 
determined according to ASTM 0- 2240, USing a Durometer microhardness 
tester (Srore A) . One measurement is made at each of three or more 
different points distributed over the test piece, and the average of 
the result is then taken . 
287 
5.2.1 Results and Discussion 
Hartlness values of polyurethanes prepared are recorded within the 
Tables S.1- S.14 frcm which the following observations have been drawn: 
1 . Polyurethanes based on MDl diisocyanate stowed higher values than 
the corresponding polyurethanes based on Hl~I. 
2. A blend of RP 1343 and Terathane 2000 as a soft segment gave 
elastaners with higher hardness than elastaners based on all RP 
1343 or all Terathane 2000 , as the proportion of RP 1343 
in=eases in the blend the hardness value decreases. 
3 . Higher hardness values were obtained (i) when using higher block 
ratios; ( ii) using excess diisocyanate; and (iii) when using 
higher arrounts of catalyst . 
4. Polyurethanes based on the diamine chain extender (MJCA) gave 
higher hardness va lues than the equivalent 1 ,4- BD based 
polyurethanes . 
S . 3 Drn8IT'l 
This can be defined as the mass of a unit volume. The apparent density 
was measured at room temperature by using the simple water 
displacement method (Archimedes principle), a=rding to method S09A 
of BS 2872 : 1970. Each sample was weighed in air, then dipped in 
distilled water containing a little surfactant to remove any bubbles 
frcm the surface . After that the sample was weighed in distilled water 
using a pin of a known weight to suspend the sample . The following 
formula has been used to determine the density: 
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where W1 ; weight of sanv1e in air (g) 
W2 ; weight of sanvle in water (g). 
5 .3.1 Results and Discussion 
Tables 5.15-5.18 represent the density values of sanvles prepared and 
the follCMing observations can be deduced: 
1. The density increases with the increase in block ratio. 
2 . A blend of Terathane 2CXXJ with either 2025 or RP 1343 has 
brought a very small increase in the density over the 
pclyurethanes based on all Terathane 2CXXJ soft segments. 
3. Polyurethanes based on the hard segment of HlzMDIjM)CA produced 
a higher density elastcrner than the ocrrespcnding HlzMDI/ l , 4-BD 
based pcl yurethanes . 
4. The MDl based pclyurethanes produced e l astcrners with higher 
densities than their ocrrespcnding H12MDI based pclyurethanes . 
5. Polyurethanes based on the soft segment of 45B/722 and 45B/725, 
or a blend with other seft segments such as Terathane 2CXXJ and 
PPG 2025 has produced elastcrners of intermediate density values 
among the other prepared s anvles with densities ranging fran 
-3 1010. 3 to 1045.7 kg.m . 
6. Increasing the level of diisocyanate above the stoichianetric 
amount tends to increase the density of the final product. 
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5.4 TEAR STRENGlH 
It is defined as the resist ance of a specimen to cut propagation. The 
test =nsists of measuring the force required to ccrnpletel y tear the 
specified test piece . The J J tensile testing machine was used at a 
=nstant crosshead speed of 200 nm/ min, with the force in line with 
the specimen. The tear strength has been determined a=rding to BS 
903 : Part A3 : 1982 . The method utilised is method B, and the 
experiments are carried out at ro::rn temperature . 
The test strength Ts is calculated by using the fonnula: 
where F is the maximum force in Newtons 
d is the thiclmess of the test specimen in nm. 
Tear s trength values are expressed in kg. nm- l 
5 . 4. 1 Results and Discussi on 
Tables 5 . 19-5. 22 . 
The presence of strong tie points in an e l astaner will eventually 
produce a high tear strength, as these tie points prevent the cracks 
propagating and reaching a catastrophic size . Hard segments are the 
source of those tie points and it has been stJa.in that materials with 
higher hard segment content ( Table 5.19) exhibited better tear 
strength than the ==esponding polyurethanes with less hard segment 
content . Presumabl y this is due to the presence of rrore perfectly 
developed domains, wh ich are more effective as crack growth 
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inhibitors. The HlzMDl based polyurethanes produced elastaners with 
higher tear strength values than their corresponding MDI based 
polyurethane (sampl e TR-l has a tear strength of 57 . 5 kN.m-l , sample 
TR-MDI-l has a tear strength of 50 . 0 kN.m-l ). This is assigned to the 
better microphase separation that exists between the hard and the soft 
segment which is evident by the lo.-.rer soft segment glass transition 
temperature of the H12MDI based polyurethanes. Also it is reported by 
Van Bogart et a160, that the HlzMDl/ l,4-BD hard segment possesses a 
smaller dcrnain size than the MDI/ l,4-BD hard segment as determined by 
the SAXS, which gives a larger total surface area which in turn acts 
as a type of reinforcing filler to increase the resistance to tear . 
The presence of RP 1343 in the soft segment with Terathane 2000 has 
enhanced the tear strength as the vinyl copolymer particles in RP 1343 
are considered to redistribute the local stress concentrations along 
the whole specimen prior to reaching a catastrophic level at which 
tearing of the specimen occurs. The importance of the presence of the 
vinyl copolymer to increase the tear strength can be slx:Mn in Table 
5 . 21 in which the results of the 45B / 722 and 45B / 725 based 
polyurethanes are tabulated. It can be seen that although the values 
recorded are for samples with much air entrapped inside, their tear 
strength values are encouragingly high. It is believed that these 
vinyl particles act as fillers to reinforce the polymer. Using higher 
quantities of diisocyanate than the stoichianetric arrount, then the 
results shown in Table 5.22 produced polyurethanes with better tear 
strength than the corresponding elastomers with no excess 
diisocyanate . This is ascribed to the increased chemical crosslinking 
within the polymer. This can be illustrated by CCll1p&ing sample TR-
MDI -1 ( with no excess diisocyanate ) with sample R6 (10% excess MDI). 
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Further it is also observed from Table 5 . 22 t h at the 30% excess 
diisocyanate level produced a marked decrease in the tear stren;rth for 
p:>lyurethanes based on the soft segment of Terathane 2000 + RP 1343 
(with 1, 4-BD as a chain extender) . This level of excess diisocyanate 
was observed to decrease the tear stren;Jth prcpe:rty of p:>l yurethanes 
based on the soft segment of mixed Terathane 2000 + PPG 2025. 
5.5 CCMPRESSlctI SET 
The canpression set was measured a=rding to the BS 903 : Part A; 
1969 . The test pi ece was a rectangular slab of 30 x 7 x 2 ntn. Each 
specimen was canpress ed at constant strain to 25% o f the original 
height by using a special canpression set apparatus . The canpression 
set apparatus with the test sample inside it was placed in an air 
circulating oven for 24 hrs at lO(PC. 
The canpression set was calculated by using the f ormula: 
Conpression set 100 
where to is the original thickness of the sample 
tr is the thickness after recovery 
ts is the thickness o f the spacer. 
5.5 . 1 Results and Discussion 
Table 5 . 23 shows the compression set valu es of s o me of the 
p:>lyurethane samples used in the research prcgramne. The following 
observations are made concerning these results . 
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1. Polyurethane elastaners with lCM canpression set can be obtained 
by using the diamine chain extender instead of 1,4-BD or 
higher block ratios, and by using excess diisocyanate. 
2 . The presence of PPG 2025 or the RP 1343 with the Terathane 2000 to 
foon the soft segment, produced polyurethanes with 1= ability 
to recover to the originsl dimensions of the canpression set test 
piece and hence has high canpression set. 
3 . MDI based polyurethanes exhibited lCMer canpression set ( sample 
TR-MDI-l) than the corresponding H12MDI based polyurethanes 
(sample TR-l). 
4 . Incorporation of the vinyl copolymer of (PS/AOl) in the Terathane 
2000 to foon the 458/722 and the 458/725 has increased the 
dimensional stability of the polyurethane as can be seen by the 
lCMer canpression set of the sample T -MDI which is free of the 
vinyl copolymer in the soft segment. 
5 . 6 FATIGUE RESISTANCE 
5 .6.1 Fatigue Failure and Crack Growth 
Fatigue failure is a teon applied to one of the many possible causes 
of failure in engineering materials (el~to~~~ ~ me~ls). It 
consists of continuous weakening of the specimen and inevitably a 
fracture will take place when the specimen is subjected to a repeated 
defoonation much lower than that of the breaking strain. It is 
attributed to the grCMth of repeated tearing of a small flaw, or 
number of flaws, in the test piece surface. 
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5.6 . 2 Flex Cracking 
If a body is bent , the stress changes continuousl y frcrn a maximum 
tension in one s urface through zero in the cen t r e, to a maximum 
compression at the other surface . I n f l exural s tress both compression 
and tension =curs and consequently a specimen suffers a change in 
both shape and size . During the pr=edure of continuous bending of the 
test specimen, cracks will appear on the surface of the elastaners 
with a rise in temperature (heat build up ) caused by hysteresis energy 
generated by the rapid 'deformation . It has been observed that the 
growth of these cracks is generally quite slow at the beginning of the 
test sequence, but then accelerates rapidly as the flaw size incr eases 
till they reach a catastrophic tearing situation. 
5.6 .3 Experimental Fatigue MeaSUI anen ts \-1 . J (V """ 
strip specimens of approximate dimensions 150 x 7 x 2 mm were cut from 
a polyurethane sheet . The samples with no inserted cuts were placed 
in the De Mattia machine with a 25% extension . These test specimens 
were then subjected to repeatedly cyclic deformati on, and the number 
of cycles to failure was recorded when failure t=k place below the 
/0. 1 
100,000 cycle mark . If the sample did not fail at 100,000 cycles, it 
r 
was regarded as a passed sample and the test stopped . 
5.6.4 Results and Discussi on 
A flex fatigue test is considered an important technique in assessing 
compatibility in mixtures of materials as incompatible intermediates 
usually show peer fatigue life. The results of these flex cracking 
tests have been tabulated in Tabl es 5.24-5.26 together with the 
observations on each sample tested . The following general conclusi ons 
can be drawn frcrn the tables. 
294 
1. Increasing the hard segment content causes the test specimen tc 
fail at relatively lcw numbers of cycles, and as the block ratio 
increases, the number of cycles to fail the specimen decreases. 
2. The M:x:A chain extended samples produced higher temperatures on 
their surfaces than did the 1,4-80 chain extended polymers. 
3. Samples based on a mixed soft segment of Terathane 2000 and either 
PPG 2025 or RP 1343 did not fail during these experiments. Hcwever 
samples based on all Terathane 2000 or all PPG 2025 and all RP 
1343 did not withstand the 100,000 cycles cut-off criteria of the 
~----~
experiment and hence they all failed well belcw this number. 
4. When an excess of diisocyanate was used: 
a) Samples shcwed lcw fatigue life accanpanied by a rise in 
surface temperature when subjected to a cyclic defonnation, 
which is thought to be caused by the higher rrodulus and lC<Yer 
elongation at break. 
b) Samples with higher percentages of RP1343 in the soft segment 
mixed with Terathane 2000 shcwed a better fatigue life than 
samples with lcwer percentages of RP 1343. 
c) For a fixed soft segment and chain extender content, samples 
with an excess of H12MDI diisocyanates shcwed a better flex 
cracking criteria than samples with the same excess of MDl. 
This is attributed tc the snaller hard segment danain size in 
the HlzMDI materials which results in more reinforcing effect 
than the larger size of MDl based hard segments. 
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5.7 REBOUND RESILIENCE 
This test is used to assess the elastic behaviour of elastcmers in the 
range of 30- 85 IRHD in the case of sh=k stressing according to DIN 
<1 t 53512 . The resilience is determined as follows : 
R : Re=very Energy 
Expended Energy 
This can be read off directly from the scale in percent. The 
instrument used is from Zwick- Werkstoff . 
Tests were made at laboratory temperature 
5.7.1 Results and Discussion 
Resilience refers to that portion of the input energy which is not 
absorbed, but returned to the energy source. In rebcund measurement 
resilience is identical to the "coefficient of restitution" which can 
be simply expressed as the percentage of the original height to which 
a steel ball will rebcund after falling on a confined flat elastomer 
surface103 . 
When a visooelastic material is deformed by an application force, 
some of the mechanical work is stored in the material and the 
remainder is dissipated as heat . This energy dissipation or hysteresis 
resul ts from several different mechanisms which are dependent on the 
type of material and the experimental conditions. Heat build up (or 
hysteresis) can also be expressed as rebcund resilience ( % ) . This 
reflects the ability of viscoelastic materials to dissipate energy 
upon impact . Table 5 . 27 shows the rebcund resilience of polyurethanes 
based on HI2MDI. The highest value is 68% for TR-I which is chain 
extended with butane dial, while the lowest values are for samples RHM 
and HM-3 which are JVXX:A chain extended . 
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Lc:M proportions of both RP1343 and PPG 2025 in a blend with Terathane 
2000 gave polyurethanes with higher values than higher proportions of 
RP 1343 and PPG 2025. Increasing the hard segment content reduces the 
rebound resilience appreciably i=espective of the structure of the 
chain extender as evidenced by the lower values of the rebound 
resilience for samples T2 , T3 , THM-2 and THM- 3 where higher block 
ratios have been used compared with samples Tl and THM~ where higher 
values of rebound resilience were obtained wi th a block ratio of 
1/ 2 / 1. 
Table 5 . 28 represents the rebound resilience values of polyurethane 
elastaners based on the soft segment blend of PPG 2025 or RP 1343 with 
Terathane 2000 . It can be seen that a soft segment of Terathane 2000 
with RP 1343 produced elastomers with higher rebound resilience than 
elastaners based on the soft segment of Terathane 2000 with PPG 2025, 
suggesting that the enhancement of low heat build up in polymer polyol 
polyurethane is due to the presence of the vinyl copolymer particles 
of styrene and acrylonitrile. 
Table 5 . 29 shows the effect of both the type of diisocyanate and the 
percentage of dispersed particles in the soft segment on the rebound 
resilience . The MDI diisocyanate produced higher resilient elastaners 
than H12MDI. Also diluting the polymer polyol 458/722 with either PPG 
2025 or Terathane 2000 lowers the rebound reSilience of the 
polyurethane elastomers. Further, it is also observed that the 
presence of catalyst has produced tough polymers which showed a higher 
rebound resilience than polymers with no catalyst. 
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Table 5 .30 reflects the effect of the type and excess of diisocyanate. 
In general, a small increase in the percentage excess diisocyanate for 
the 1,4- 8D chain extended PU's raises the rebound resilience, while 
higher level of excess diisocyanate reduces the rebound resilience . 
For MOCA chain extended polyurethanes, a small increase in the 
percentage of diisocyanate has no effect on the rebound resilience, 
while higher proportions of diisocyanate reduce the rebound 
resilience . 
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TABLE 5 .1: Tensile Properties of Segmented PU's. Effect of block ratio. 
PU Type: Terathane 2000/ H1zMD1/ 0lain Extender 
M)CA Series 1,4-BD Series 
I 
Sample 
THM-1 THM-2 THM-3 T1 T2 T3 
Mechanical 
Properties 
Block Ratio 1/ 2/ 1 1/ 3/ 2 1/ 4/ 3 1/ 2/ 1 1/ 3/ 2 1/ 4/ 3 
Typical urs 15. 50 18 . 20 30.50 9.37 12.44 8.58 MPa 
EB, % 740 500 350 830 330 230 
MlOO%, MPa 2.20 5. 86 14.43 1.53 4.45 7 .78 
M3oo%, MPa 5.01 11.8 23.54 3.46 6 . 32 -
Hardness 
Soore A 74 85 92 63 80 86 
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TABLE 5 . 2: Tensile Properties of Segmented PU's. Effect of blending 
Terathane 2000 with PPG 2025 in the soft segment. Bl=!< ratio 
(1/ 2/ 1) 
PU Type: Terathane 2000 + PPG 2025/ H12MDI/ 0lain Extender 
01ain Extender MJCA Series 1,4-BD Series 
Sample 
HM-l HM- 2 HM- 3 Hl H2 H3 
Mechanical 
Properties 
Terathane : PPG 80;20 60/ 40 40/ 60 80;20 60/40 40/60 
Typical UTS 11. 89 8 .71 6 . 23 17.40 9.63 3 . 68 
MPa 
EB, % 950 975 1140 1400 1780 850 
MlOO%, MPa 1.47 0.95 1. 23 1.94 1.42 1.48 
M300%, MPa 3 .32 2.61 3 .77 3 . 54 3 .20 3.06 
, 
Hardness 75 65 57 74 65 66 Shore A 
! 
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TABLE 5 . 3 : Tensile properties of mixed soft segment PU 's . Bl=1< Ratio ( 1/2/1). 
PU type: Soft segment/ H1MDI /0lain Extender 
0Jain MJCA Series 1,4- BD Seri es 
Extended 
Soft Terathane Terathane/ Terathane/ Terathane/ Terathane/ Terathane 
Segment 2000 PPG RP 1343 2000 PPG RP 1343 
100% 80/ 20 80/20 100% 80/ 20 80/ 20 
~ THM- 1 HM-1 TRM-1 T1 Hl TR- 1 
Mechanical 
Properties 
Typical , 15.49 11.89 18.48 9 .37 17 . 4 21.46 
UTS, MPa 
EB% 740 950 630 830 1400 1665 
M1oo% 2 . 2 1.47 3 .37 1.53 1.94 1.4 
MPa 
M300% 5 . 01 3 . 32 7.52 3 . 46 3.54 3 . 43 
MPa 
Hardness 74 75 77 63 74 72 
Srore A 
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TABLE 5.4: Tensile propeJ:ties of H1:tDI based PU's e1astcmers. Bled< Ratio 
(1/2/1) 
Olain M)CA Series 1,4-BD Series 
Extended 
Soft Terathane Terathane/ Terathane/ Terathane/ Terathane/ Terathane 
Segment 2000 PPG 2025 RP 1343 2000 PPG 2025 RP 1343 
100% 60/ 40 60/ 40 100% 60/40 60/ 40 
I~ THM-1 HM-2 TRM-2 T1 H.2 TR-2 
Mechanical 
Properties 
Typical 15.49 8 .71 18 . 53 9.32 9.63 12 .92 
UTS, MPa 
EB% 740 975 580 830 1780 1420 
M1OO% MPa 
2 . 2 0.95 4 .38 1.53 1.42 1.94 
M300% 
MPa 
5.01 2 . 61 11.28 3.46 3 . 20 4 .708 
Hardness 74 65 74 63 65 70 
Shore A 
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TABLE 5.5: Tensile properties of H12MDI PU' s Elastaners. 
Block ratio (1/ 2/ 1) 
Ola:i.n M:X:A Series 1,4-BD Series 
Extended 
Soft Terathane Terathane/ Terathane/ Terathane/ Terathane/ TerathanE 
Segment 2000 PPG 2025 RP 1343 2000 PPG 2025 RP 1343 
100% 40/ 60 40/ 60 100% 40/ 60 40/ 60 
l~ THM-1 HM- 3 TRM-3 T1 H3 TR-3 
Mechanical 
Properties 
Typical 15 . 49 6. 32 12.69 9.32 3 . 68 12.92 
urs, MPa 
Ea , % 740 1140 770 830 850 1420 
M1OO% 2 . 2 1. 22 2 .89 1.53 1.49 1. 94 MPa 
M300% 5 .01 3 . 77 5.97 3.46 3.06 3.94 
MPa 
Hardness 74 57 68 63 66 69 
Shore A 
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TABLE 5 .6: Tensile properties of segmented pt] , s based on the soft segment of 
either 45B/772 or 45B/ 725 with H12MDI/ BD as the hard segment . 
Bl ock ratio (1/2/1 ) 
Soft Terathane 45B/722 45B/ 725 45B/ 722 45B/725 
segment 2000 
~ Tl 722- H- BD 725-H- BD 722-H- BD 725-H-BD No catal yst No catalyst + catalyst + catalyst Mechanical 
Properties 
Typical 9.32 5.63 3 .51 5 . 65 
urs, MPa Tough 
EB, % 830 340 190 340 elastaner 
MlOO% MPa 1.53 3 .09 3 .51 2.12 but 
M300% MPa 3.46 5.27 - 5 .09 porous 
Hardness 63 73 71 77 79 
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TABLE 5 . 7: Tensile properties of MDl/ 1,4- BD based polyurethanes with various 
soft segments . 
Block ratio (1/ 2/ 1) 
Soft rrerathane PPG 2025 Terathane 2000 Terathane 2000 Terathane 2000 
Segment 2000 PPG 2025 PPG 2025 PPG 2025 
100% 100% 80:20 60:40 40:60 
~ T-MDl P- MDl P- MDl-1 P-MDl- 2 p- MDl- 3 
MechanicaJ 
PropertieE 
{ITS, MPa 23.49 15 . 55 33.80 35.32 5 . 85 
EB, % 1570 2040 1610 1580 2080 
MJdulus, 2. 2 1.45 2.41 2 . 49 1. 2 
100% MPa 
Hardness 70 60 70 67 55 
Shore A 
TABLE 5.8 : Tensile properties of MDl/ 1,4- BD based polyurethanes with various 
soft segments . 
Block ratio (1/ 2/ 1) 
Soft Terathane RP 1343 Terathane 2000 Terathane 2000 Terathane 2000 
Segment 2000 RP 1343 RP l343 RP l343 
100% 100% 
~ T-MDl RP- MDl TR-MDl-l TR-MDl-2 TR- MDl-3 
Mechanica 
Propertie 
{ITS , MPa 23.49 9 .30 12.90 9 .36 6.06 
ES, % 1570 985 1100 800 1455 
MJdulus, 2.2 1.68 1.33 1.62 0.65 
100%, MPa 
Hardness 70 70 72 69 55 
Shore A 
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TABLE 5 . 9: Tensile properties of MOl /BD based PU el astome r s , with various soft segments. 
Block r atio (1/2/1) 
Soft Segment Terathane 45B/725 45B/7 22 45B/722 : 45B/722 : 45B/722 : 
2000 Terathane Terathane Te rathane 
2000 2000 2000 
100% 100% 100% 80:20 60:40 40:60 
~ T-MDl 725/45B 722/45B 722-T-20 722-T-40 722-T-60 Properties 
Typi ca l UTS, MPa 23-49 8 . 35 7 . 089 9.4 6.878 6.515 
EB, % 1570 330 400 490 430 430 
Modulus, 100% MPa 2.349 3.40 2.835 2 . 706 2.358 2.292 
Modulus, 300% MPa 3.615 7.853 5.44 6.056 4.979 4.584 
Ha rdness (Shore A) 70 81 77 76 75 75 
PPG 2025: 
45B/722 
(20:80) 
20P- 722 
8.802 
420 
3.143 
6.539 
75 
TABLE 5. 10: Tensile properti es of MDl/ BD based pol yurethanes . Effect of excess 
dii socyanate . . 
PU type : RP 1343/MDI / 1 , 4- BD . Bl ock r a t i o (1 / 2/ 1) 
% Excess Diiscx:::vanate 
OIP 10 20 30 
Sampl e 
RP-MDl RI R2 R3 
Mechanical 
Properties 
Typical UTS, 9 . 3 10.5 ((. 12.35 14 . 68 
MPa 
EB, % 985 1000 820 
M1OO%, MPa 1. 68 2 . 00 2 . 30 
M:3~' MPa 3 . 76 4 . 10 4.10 Har ess, Shore A 70 70 72 
TABLE 5 . lOa : Tensile properties o f H12MDI / BD based PU' s . Effect o f excess 
diisocyanate 
PU type : RP 1343/H12MDI /BD . Bl ock ratio (1/2/1) 
% Excess Diiscx::yanat e 
Om' 20 
Sample 
RP R5 
Mechanical 
Properties 
Typical UTS, 1. 59 7 . 44 
MPa 
EB, % 145 1230 
M1OO%, MPa 1.39 2 . 04-
~' MPa - 3 . 94 
H ess, Shore A 55 68 
307 
560 
1. 8 
3 .8 
74 
TABLE 5. 11 : Tensile properti es of PUs based on the BO% Terathane 2000 + 20% RP 
1343/ MDI/ BO with excess dii socyanate. 
Bl ock ratio (1/ 2/ 1 ) 
% Excess Oii ;ocyanate 
0.0 10 20 3 U 
Sample 
TR-MDI-l R6 R7 RB 
Mechanical 
Properties 
TypiCal IJrS , 12. 90 22 . 00 12. BO 9 . BO 
MPa 
EB, % 1100 2030 1200 BOO 
MlOO%, MPa 1. 33 3 .36 2 . 2 2.01 
M3~' MPa 3 . 45 4 .95 3.B 3 .30 
Har ess, Shore A 72 73 74 74 
TABLE 5.11a: Tensile properties of PUs based on the 60% Terathane 2000 + 40% 
RP 1343/MDI / l , 4-BO with excess diisocyanat e . 
Bl ock ratio (1/ 2/ 1 ) 
% Excess Oiisocyanate 
0 .0 lU L.U ..;u 
Sampl e 
TR-MDI- 2 R9 R10 Rll 
Mechanical 
Properties 
Typical IJrS, 9 .36 15 .90 17 . 24 4 . 62 
MPa 
EB, % BOO 950 410 540 
M1OO%, MPa 1.62 2.23 1.66 1.65 
~' MPa 3 . 42 3 . 59 3 .32 3.46 H ess, Shore A 69 69 70 72 
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TABLE 5.llb: Tensile properties of PU elastoners based on 60% Terathane 2000 + 
40% RP 1343/MDI/ 1,4-BD with excess diioscyanate. 
Block ratio (1/ 2/ 1 ) 
% Excess Dii =vanate 
0.0 10 20 30 
~le 
TR- 2 R12 R13 R14 
Mechanica 
Properties 
Typical UTS, 12.92 14. 21 4 . 82 4 . 53 
MPa 
EB, % 1420 1500 630 600 
MlOO% , MPa 1.94 2 . 20 1.27 1. 26 
~OO%, MPa 4 .71 5 .35 2 .92 2 . 52 
Hardness , Shore A 59 71 73 75 
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TABLE 5.12 : Tensile properties of PlJ e1astaners based on PPG 2025/MDI/1, 4-BD 
with excess diioscyanate. 
Block ratio (1/ 2/ 1) 
% Excess Diisocyanate 
0.0 10 2u ::lU 
ample 
P-MDI P7 P8 P9 
Mechanica 
Properties 
Typical UTS, 15.55 10.26 '1 15 . 44 14.37 
MPa 
EB, 9-0 2040 2400 1470 570 
M100%, MPa 1.45 0.74 0.92 1.27 
M3~' MPa 3 .2 1.00 1.62 2 .34 
Har ess, Shore A 60 62 65 69 
TABLE 5 . 12a: Tensile properties of PlJ elastaners based on PPG 2025/ H12MDI / 1,4-BD, with excess diisocyanate . 
Block ratio (1/ 2/ 1) 
% Excess Diisocyanate 
0.0 10 20 30 
~amp1e 
P1 P4 P5 P6 -~ Properties 
Typical UTS, 2 . 94 3.20 8 .32 5.81 
MPa 
EB, % 590 600 2460 2100 
M1OO%, MPa 1.16 1.10 2.41 1.01 
M3~' MPa 2.45 2 . 20 4 . 16 2.27 
Har ess, Shore A 50 54 62 63 
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TABLE 5.13 : Tensile properties of PlJ e l astaners based on 60% Terathane 2000 + 
40% PPG 2025/Hl~I/l,4-BD with excess diisocyanate . 
Block rati o ( 1/ 2/ 1 ) 
% Excess Diisocyanate 
0 .0 10 20 30 
ample 
H2 H4 H5 H6 
Mechanica 
Properties 
Typical lITS, 9 . 63 12 .34 12 . 27 12 . 72 
MPa 
EB, % 1780 1600 1650 1650 
MlOO%, MPa 1.42 1. 61 1.50 1. 77 
M3OO%, MPa 3.20 3 . 20 3 . 00 3 .10 
Hardness, Shore A 65 65 68 71 
311 
TABLE 5.14: Tensile properties of polyurethane e l astomers based on 80% 
Terathane 2000 + 20% RP l343/ MDI/ l,4- BD . Effect of block ratio . 
Sample TR- MDI- l Nl 
Block ratio 1/ 2 / 1 1 / 3 / 2 
UTS, MPa 12 . 9 1.96 
EB, % 1100 150 
M:xlulus, 100%, MPa 1.33 1. 73 
M.:xjulus, 300%, MPa 3 .45 -
Hardness, Shore A 72 76 
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TABLE 5.15: Density of polyurethane elastaners based on HlzMDl diiso-
cyanates 
* Density Sample Density Sample Density Sample 
No kg . m-3 No kg. m- 3 No kg.m-3 
Tl 1031.3 Hl 1034r RP 1052 . 4 
T2 1046.1 H2 103J .6 TR-l 1038.2 
T3 1057.2 H3 1039.8 TR-2 1040.9 
\ 
THM-l 1052. 9 P2 1071.)2 I TR-3 1045.7 
THM-2 1080.4 HM-l 1055 J2 RHM 1070.4 , 
I 
THM- 3 1105 . 3 HM-2 1057.\5 TRM-l 1057.0 
\ 
Pl 1047 . 4 HM- 3 1061. 2 TRM-2 1064 . 0 
TRM-3 1065.0 
TABLE 5 . 16 : Density of polyurethane elastaners based on MDl diisocyanate 
and 1 , 4-BD chain extender. Block ratio of ( 1: 2 :1 ). 
PU Type: Soft Segment/MDl/ l , 4-BD 
* Sample 
No 
P-MDI 
P-MDl- l 
P- MDl-2 
P-MDl-3 
RP-MDl 
TR-MDl-l 
TR-MDl-2 
TR-MDl-3 
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Density 
kg.m-3 
1082.0 
1061. 0 
1062.1 
1068.5 
1066.6 
1066 . 8 
1066.4 
1069 . 0 
TABLE 5 .17 : Density of p::>lyurethane e1astaners based on H1t'IDl and MOl, 
wi th 1, 4-BD chain extender using 45B/ 722 (PTHF + 14% 
p::>lystyrene) and 45B/ 725 (PTHF + 10% p::>lystyrene). Block 
ratio (1 : 2 :1 ) 
Sample Density Sample Density 
No* kg.m-3 No kg.m-3 
45B/ 722 104!.~ 722-T- 60 1036£5 
45B/ 725 10100) 722-T-BD 1~.4 
20P/ 722 1034 J,3 725-T-BD 104J . 7 
I 
722-T-20 1038 6 722-T-BD -
+ catalyst 
I 
722-T-40 103\ 4 725-T- BD 1024,3 
+ catalyst 
TABLE 5.18: Density of polyurethane elastomers with excess o f 
diisocyanate . Block ratio (1:2:1 ) 
Sample % Excess Density Sample % Excess Density 
No* Diisocya- kg .m-3 No Diisocya- kg.m-3 
1069.~ • RI 10 H4 10 1037 .3 
, 
R2 20 1081. H5 20 1037.? 
R3 30 H6 30 1039.~ 
R5 20 1049.0 P4 10 1045. ~ 
R6 10 1012.9 P5 20 1045.~ R7 20 1030.0 P6 30 1045.6 
RB 30 1030.1 P7 10 lOB!. 
R9 10 1014.0 P8 20 10BO.0 
RIO 20 1014.1 P9 30 1083.9 
Rll 30 1014.1 PlO 16 1045 B 
R12 10 1039.6 R16 10 1067.5 
R13 20 1039.B R17 20 1078.0) 
R14 30 1041.0 RIB 30 1094.7 
R15 1054. 
* For formu1at~on see Tables 3 .1 and 3.2 
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TABLE 5.1 9. TEARSTRENGTHOF H,l'illl BASEDPOLYURETHANEELASTOMERS . 
Sample Number Tear Strength kN.m . , 
Tl 48.0 
1"2 50.6 
1'3 54.8 
THM- I 42.0 
THM-2 49.0 
THM-3 60 .3 
HI 5 1.0 
H2 45 .0 
H3 25.0 
P I 25.12 
TR- I 57 .5 
TR-2 58.5 
TR-3 50.3 
RP 3 1.5 
HM-I 30 .5 
HM-2 26.5 
HM-3 19.8 
P2 23 .0 
RHM 24.5 
TRM-I 56.8 
TRM-2 50.3 
TRM-3 46.36 
TABLE 5.20. TEAR STRENGTH OF MD! BASED POLYURETHANE ELASTOMERS 
PU type : Soft Segmenl/MD!/ I,4- BD, BLOC K RATIO ( 1/2/1) . 
Sample Number Tear Strength kN.m . , 
P-MDI 27.08 
P-MDI-I 5 1.00 
P-MDI-2 34.50 
P-MDI-3 22 .00 
RP-MD! 52.70 
TR-MDI-I 50.00 
TR-MDI-2 38.60 
TR-MDI-3 17.00 
TI-MDI 56.58 
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TABLE 5.21. TEARSTRENGTI10FMDIAND H,,MDI BASED POLYURE1lIANEUSING 
45s/I21.<rrHF + 14% POLYSTYRENE)AND 45f¥125(PTIIF + 10% POLYSTYRENE) 
BLOCK RATIO OF (1/211). 
Sample Number Tear Strength kN.m-
458(722 37.52 
45B(725 34 .27 
20P-722 44.00 
722-T-20 40.32 
722-T-40 40.55 
722-T-60 47.75 
722-I-I- BD 38.08 
No catalyst 
725-H-BD 31.90 
No calaJyst 
722-1-I- BD 31.88 
~yst 
TABLE 5.22. TEAR STRENGTII OF POLYURETIIANE ELASTOMERS I·IA VING EXCESS 
DIISOCYNATE (lI ,f1D1 AND MOl) 
BLOCK RATIO Of (1/211). 
Sample Number Tear Strength kN.m -, 
RI 50.0 
R2 52.0 
R3 40.0 
R4 -
R5 50.0 
RI5 52.80 
R6 79.0 
R7 58.0 
R8 30.0 
R9 35.5 
RIO 39.0 
RI! 28.0 
RI2 52.0 
RIJ 50.0 
RI4 48.0 
114 52.0 
115 53.0 
116 53.0 
1'4 33.60 
1'5 41.0 
P6 45.5 
P1 30.0 
1'8 34.0 
1'9 34.5 
1'10 2 1.0 
RI6 28.0 
RI7 30.0 
RI 8 32.0 
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TABLE 5 . 23 : Compression set fo r polyurethane e lastomers 
Sample Polyol Oiisocyanate Chain % Excess Block Compression 
Extender Oiisocy- Ratio Set % 
anate 
Tl Terathane 2000 H12MDI 1, 4- BO 0.00 1/2/1 64 
T2 " " " 0 . 00 1/3/2 55 
THM-l " " flOCA 0 . 00 1/2/1 36 
THM-2 " " " 0.00 1/3/2 32 
H2 60% Terathane 2000 " 1,4-BD 0.00 1/2/1 72 
+ 
40% PPG 2025 
H4 " " " 10 1/2/1 65 
H6 " " " 30 1/2/1 51 
Table 5 . 23 ( continued ) 
Sample Polyol Di isoc.yanate Chain % Excess Block Compre s s i on 
Ext ende r Diisocy- Ra tio Se t % 
anate 
TR- l 80% Tera thane 2000 " " 0 . 00 1/ 2/ 1 68 
+ 
20% RP 1343 
TR- MDl- 1 " MDl " 0.00 1/2 /1 60 
R6 " " " 10 1/2/ 1 42 
R7 " " " 20 1/2/ 1 38 
RHM RP 1343 H12MDl MO CA 0 . 00 1/2/1 58 
R1 6 " " " 10 1/2/ 1 52 
R17 " " " 20 1/ 2/ 1 48 
Table 5 . 23 (continued) 
Sample Polyol Oiisocyanate Chain % Excess Block Compression 
Extender Oiisocy- Ratio Set % 
anate 
RH 60% Terathane 2000 MOL 1,4-BO 30 1/2/1 66 
+ 
40% RP1343 
R12 " H 12~IDI " 10 1/2/1 60 
w 
~ 
'" T-MDl Te ra t hane 2000 MOL " 0.00 1/2/1 60 
45B/7 22 458/722 " " 0.00 1/2/ 1 52 
TABLE 5.24 : 
Sample 
No 
T2 
T3 
THM- 1 
THM- 2 
THM-3 
H1 
H2 
H3 
P1 
P2 
TR-1 
Flex fatigue results of polyurethane elastcrners based on 
H12MDI diis=yanate at 25% strain 
POl yo1 
Terathane 
2000 
" 
" 
" 
" 
Terathane 
2000 + 
PPG 2025 
(80 :20) 
Terathane 
2000 + 
PPG 2025 
(60 :40) 
Terathane 
2000 + 
PPG 2025 
(40 :60) 
PPG 2025 
" 
Terathane 
2000 + 
RP 1343 
(80 :20) 
Cl1ain 
Exten-
der 
1,4-BD 
" 
" 
" 
1,4-BD 
" 
" 
" 
1,4-BD 
Block 
Ratio 
1 :3 :2 
1:4 :3 
1:2 :1 
1 :3 :2 
1:4 :3 
1 :2 :1 
" 
" 
" 
" 
1:2 :1 
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Observati on 
At 4000 cycles some cracK 
visible, at 8000 cycles gave 
crack propagation. Surface 
temperature rise observed. 
Broke at <4000 cycl es 
Sample stretched and set at 
2000 cycles . Surface temp-
erature rose at 4000 cycles. 
Broke at 23,500 cycles . 
Broke at 38, 500 cycles 
Broke at 1150 cycles, with a 
high rise in surface 
temperature 
No signs of cracking at 
100,000 cycles 
Ditto 
Ditto 
Ruptur ed at 66 ,500 cycles 
(at the grip ) 
Ruptured at grip 
No signs of cracking at 
100,000 cycles 
Table 5.24 (continued) 
Sample Polyol Chain Bl=k Observation 
No Exten- Ratio 
der 
TR- 2 Terathane " " Ditto 
2000 + 
RP 1343 
(60 :40) 
TR-3 Terathane " " Ruptured at 43, 500 cycles at 
2000 + edge of sampl e grip 
RP 1343 
RP RP 1343 " " Ruptured at 60,000 cycles 
HM-l Terathane M:lCA " No sign of cracking at 
2000 + 100,000 cycles 
PPG 2025 
(80:20) 
HM-2 Terathane " " Ditto 
2000 + 
PPG 2025 
(60:40) 
HM-3 Terathane " " Ditto 
2000 + 
PPG 2025 
(40 : 60) 
RHM RP 1343 " " Ruptured at 70,000 cycles 
TRM- l Terathane " " No sign of cracking at 
2000 + 100,000 cycles 
RP 1343 
(80 :20) 
TRM- 2 Terathane " " Ditto 
2000 + 
RP 1343 
(60 :40) 
TRM- 3 Terathane " " Ditto 
2000 + 
RP 1343 
(40 : 60) 
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TABLE 5. 25: Flexing of polyurethane elastaners based on MDl diis=yanate 
with 1, 4-BD as chain extender at 25% strain 
Block ratio (1 / 2/ 1) 
Sample No POlyol Obsenration 
P- MDI- l Terathane 2000 NO sign of cracking at 100,000 
+ PPG 2025 cycles 
(80 :20) 
P-MDI-2 Terathane 2000 " 
+ PPG 2025 
( 60:40) 
P-MDI-3 Terathane 2000 " 
+ PPG 2025 
(40 :60) 
TR-MDl-l Terathane 2000 No sign of cracking at 100,000 
+ RP 1343 cycles 
(80:20) 
TR-MDI-2 Terathane 2000 " 
+ RP 1343 
( 60:40) 
TR-MDI-3 Terathane 2000 " 
+ RP 1343 
(40 : 60) 
RP-MDl RP 1343 No sign of cracking at 100,000 
cycles 
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TABLE 5.26: Effect of excess diis=yanate (MDl or H12MDl) on the flex 
fatigue properties of polyurethane e1astaners at 25% strain. 
Block ratio (1 :2:1) 
Sample Polyo1 O"lain % Excess Diiso- Observation 
No Exten- Diiso- cyante 
cyanate 
RI RP 1343 1,4-BD 10 MDl Ruptured at 75,000 
cycles 
R2 RP 1343 " 20 " Ruptured at 69,000 
cycles 
R6 Terathane " 10 " Ruptured at 89,000 
2000 + cycles 
RP 1343 
(80 : 20) 
R9 Terathane " 10 " Ruptured at 95,000 
2000 + cycles 
RP 1343 
( 60:40) 
R12 Terathane " 10 H12MDl Ruptured at 70, 000 
2000 + cycles 
RP 1343 
(60:40) 
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TABLE 5 . L/ : Re bound res i l i ence of pol yure thane elas t ome r s based on H1 2MDI diisocyanate 
QJ QJ QJ 
U U u 
Sample Polyol Chain Block c Sample Polyol Chain Bloc k c Sample Polyol Chain Block c '0 (lJ '0 QJ '0 QJ 
Extender Ratio c:: ..... No Extender Ratio c·..; No Extender Ratio " 
' ''; No :J"'; ::!,..; 
" 
.-< 
o . ..; 0·..; 0 '''; 
..Cl /1) ..Cl Ul ..a /1) 
'" QJ 
QJ QJ Q) Q) 
0: 0: 0:0: 0: 0: 
1: 2 Ter a thane 1,4-8D 1 : 3: 2 62 THM- 3 Te r a thane MOCA 1: 4 : 3 48 H2 60% Te ra thane 1, 4-80 1: 2 : 1 63 
2000 2000 + 
40% PPG2025 
T3 " " 1: 4: 3 50 PI PPG2025 1,4-80 1: 2 : 1 44 H3 40% Terathane " 1: 2: 1 61 
+ 
60% PPG2025 
THM-l " MOCA 1: 2: 1 61 P2 " MOCA 1:2:1 47 HM-l 80% Terathane MOCA 1:2:1 53 
+ 
20% PPG2025 
THM- 2 " " 1: 3 : 2 49 HI 80% Te ratha ne 1,4-80 1: 2 : 1 65 HM-2 60% Terathane " 1 : 2 : 1 50 
" + 
20% PP G2 025 40% PPG2025 
w , 
V> 
Table 5 _ 2 ~ (cont in ued ) 
Sample Polyol Chain 
No "xt ender 
HM-3 40% Te rathane MOCA 
+ 
40% PPG2025 
RP RP 1343 1,4 - BO 
TR-l 80% Ter a t hane " 
+ 
20% RP 1343 
w 
U 
" Block '0 Q) Sampl e Polyol 
" -rl Rati o " .... No o -rl 
.0 III W (JJ 
l>:l>: 
1: 2 : 1 43 TR-2 60% Te rat hane 
+ 
40% RP 1343 
.. 45 TR-3 40% Te r a thane 
+ 
60% RP1343 
" 68 RHM RP1 343 
W ID 
U U 
" 
0:: Chain Block '0 w Sample Pol yol Chain Block 'U (JJ 
" -.; " -.; 
" xt ende r Rat i o " .... No Ext ende r Ra t io " .... o -rl o -;
.0 III 
.0 III (JJ W Q) W 
l>: l>: l>: l>: 
1,4- BO '. 67 TRM-1 80% Ter atha ne .. " 51 
+ 
20% RP 1343 
" 60 TRM- 2 60% Te rathane " " 50 , 
+ 
40% RP 134 3 
MOCA • 43 TRM-3 40% Terathane " .. 44 
+ 
60% RP 1343 
TABLE 5 . 28 : Rebound resilience of polyurethane e1astaners based on MDl 
diisocyanate and 1,4-BD. 
Block rati o (1 :2:1) 
PU types: soft segment/MDI / 1 , 4- BD 
Sample Polyol Rebound Sample Pol yol Rebound 
No Resilience No Resilience 
P- MDI PPG 2025 60 RP- MDl RP 1343 61 
P-MDI-l 80% Terathane 66 TR-MDI- 1 80% Terathane 69 
+ + 
20% PPG 2025 20% RP 1343 
P- MDl - 2 60% Terathane 63 TR-MDI-2 60% Terathane 69 
+ + 
40% PPG 2025 40% RP 1343 
p- MDI- 3 40% Terathane 61 TR-MDI- 3 40% Terathane 64 
+ + 
60% PPG 2025 60% RP 1343 
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TABLE 5. 29: Re bound r es ili ence of polyure thane e l as t ome r s using 45 B/ 72 2 and 45B/ 725 pol yo ls wi th l,4-80 as cha in 
extende.r. 
Block rat io ( 1: 2 :1) 
Sample No Pol yol Oiisocyanate Re bo und Sample No Poly ol Oi isoc yana t e Re bound 
Resili ence Re s ilie nce 
458 /722 45 8 / 722 flDl 8 1 722-T-60 40% 45B/722 flDl 76 
+ 
60% Teratha ne 
45 B/722 458 /722 MDl 71 722-H- BO 45B/7 22 H 12flDl 58 
20P/722 80% 45 B/722 MOl 70 725- 11 - 80 458 /7 25 " 57 
+ 
20% PPG 2025 
722-T- 20 80% 458/7 22 MOl 78 722-11- 80 45B/7 22 " 55 
+ 
20% Te ra thane 
722- T-40 60% 458/722 MOl 76 725-I1- BO 458 /725 " 53 
+ 
40% Te ra t ha ne 
W 
N 
co 
TAB LE 5 . 30 Re bound r es ili ence of po l yuret hane e l astome r s usi ng excess di isocya na t e . 
Block r atio (1 : 2 : 1) 
Sampl e Pol yol Di i socy- % Excess Chain Re bound Sample Polyol Dii socy-
No anate Diisocy- Extende r Res ilience No ana t e 
ana t e 
Rl RP 1343 MD! 10 l, 4- BD 53 RIO 60% Te r a- MDl 
t hane + 
40% RPI343 
R2 RP 1343 " 20 " 49 Rll " " 
R6 80% Tera- " 10 " 70 Rl3 " H12MDI 
thane + 
20% RP1343 
R7 80% Ter a- " 20 " 73 Rl4 " " 
t hane + 
20% RP 1343 
R8 " " 30 " 70 R1S RP1343 " 
R9 60% Te ra- " 10 " 74 R16 " H12MDI 
thane + 
40% RP 1343 
% Excess Chain Re bound 
Di i socy- Ex t ende r Resilience 
ana t e 
20 l, 4-BD 70 
30 " 68 
20 " 60 
30 " SS 
" 54 
10 MOCA 50 
w 
~ , 
\0 
Ta ble 5 .3u (continued) 
Sampl e Po l yol Diisocy-
No anate 
R17 RP1343 H 12MDI 
R18 " " 
H4 80% Te r a- " 
t hane 2000 
+ 20% 
PPG2025 
H5 " " 
H6 " " 
P4 PPG2025 H12MDI 
% Excess Chain 
Diisocy- Extende r 
anate 
20 MO CA 
30 " 
10 1 , 4-8D 
20 " 
30 " 
10 " 
Re bou nd Sample Polyol Diisocy- % Excess Chain Rebound 
Resilience No ana t e Diisocy- Extend er Res ilience 
anate 
46 P5 PPG2025 " 20 " 62 
47 p6 PPG2025 " 30 " 50 
68 p7 PPG2025 MOl 10 " 60 
61 P8 PPG2025 " 20 " 56 
62 P9 PPG2025 " 30 " 56 
50 PLO PPG2025 " 16 " 61 
CHAPTER SIX 
THERMAL STAIHLITY OF POLYURETHANE 
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6. 'lliERMAL STABILI'lY STUDIES OF POLYMERSI04-107 
6.1 INI'ROro::TICI'I 
The increasing interest in the stability of polymers is quite evident, 
especially after the oorquest of space by human beings which was a 
result of developnents in various fields, including that of polymers. 
Therefore the rapid need for more thermally stable materials, useful 
-from the fabrication standpoint and serviceable at elevated 
temperatures under a variety of extreme oonditions and relatively 
cheap arises to replace metals . 
6.1.1 'lhermal Stability of Polymers 
By stability of polymers we mean the ability of the polymer to retain 
its original properties (e.g. tensile stren]th and nodulus) at the 
temperature of application for a period of time by resisting the 
undesirable changes in properties when the polymer has been put into 
service for the specific application . 
The thermal properties of polymers are expressed in terms of their man 
made limits, and usually they are either temperature or time-
temperature dependent. The structure and chemical changes accanpanying 
the exposure of polymers to elevated temperatures in both inert and 
Oxidising atmospheres have received great attention, and on that basis 
several variations were supposed to cause strong intermolecular 
interaction leading to improvements in the thermal stability of 
polymers such as : 104 ,105 
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1. Increasing t he degree of crystallini ty in the case where the 
polymer tends to form crystall ine regions by thel:mal or rrechanical 
treatment, but the disadvantages l ead to a lCMered solubility and 
rrore r i gorous processing conditions . 
2 . Incorporation of polar side groups. 
3 . Intenrolecular crosslinking, this approach is being developed for 
some of the l i near backbones to allow thei r use as adhesives 
because no gaseous byproducts are formed . 
f-..... 
Such c rossl i nked 
structures may survive high temperatures because many l:xlnds have 
to be broken before catastrophic damage carmences. 
4 . Avoid as much as possible the use of weak links and if such sites 
must be present they should be kept to a m:inimum. 
5 . M:Xlif ication of the structure by subs tituting C or H atans by 
atans of other rrolecules such as Si , P, B, F. 
6 . Addition of ant ioxidant in amounts to produce resistance to 
thermal degradation. 
The above mentioned i terns will improve not only the thermal stability 
but also the other degradation properties s uch a s oxidation and 
chemical res i s tance at e l evated temperatures . 
Various pCMerful methJds have been utilised to measure the degradation 
of polymers . In linear, soluble polymers, M.wt and M. wt . D can be used 
~ 
to det ect chemical changes in the main and the s i de chains, s ince the 
M.wt and M. wt . D changes significantly with any main chain rupture, 
especially with respect to randan main- chain scission in the linear 
polymer in the absence of crosslinking . Other methJds such as the 
analysis of t he vol atilised vapours which are separated from the 
---------- . 
degraded polymers can be analysed qualitatively and quantitati vel y and 
v aluable information about t h e mechanism and the causes of 
" '''1 deccmposition y ari be revealed. 
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Volatilisation analysis is applied in thermal, photochemical, 
radiation and chemical degradation. Other methods to detect the 
changes in the bulk polymers can be followed by spectros=pic methods 
such as infrared, ultraviolet absorption spectroscopy, by otJservin;J" 
the presence and disappearance of c:hraroph:Jric groups. 106 
6.1.2 Evaluation of the Stability of Polymersl07 
The most important factor in the study of the thermal resistance of 
polymers is the measurement of their thermal stability. 
Changes in the physical properties such as crystallographic 
transition, Tg, Tm, can be taken as evidence of changes in the 
structure or any chemical variations in the polymers. These 
transitions can be monitored by measuring the temperature dependence 
o f physical properties such as refractive index, specific volume, heat 
capacity etc, plotting these properties vs temperature, the char>::les in 
transition are taken as evidence of any disruption in the chains. 
Thermal analysis is widely used for the evaluation of thermal 
stability of polymers and the most important techniques are DTA, DSC 
and TGA. DSC can be used to investigate both changes in physical 
properties as well as chemical changes such as oxidation stability of 
polymers. 
Thennogravimetric analysis can be used to measure the loss in weight 
as a function of temperature 0 r the time at constant temperature and 
can give information about the thresrold temperature at which major 
fragmentation occurs and is therefore an indication of the inherent 
stability of the polymer structure. 
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6.1.3 'Ihermally Stable Polymers 
M:xJ.ezn techrxllogy, particularly that advanced by the aerospace and 
aerenallt~~ industries, has devoted enormous efforts towards the 
dis=very and developnent of pJlymers which can function at toth roan 
temperature and very high temperatures for extended periods of time 
without significant loss in mechanical properties. 
Their stability has been limited to about 50CeC in air. It has been 
found that these pJl ymers are arcmatic in structure with heterocyclic 
rect=ing units and la,.., hydrogen oontent. 
They are characterised by a high melting pJint and la,.., sclubili ty in 
carrron organic sclvents, examples of these pJlymers are pJlyimides, 
polybenzimadoles , polybenoxazoles , polyquinoxalines. The most 
impJrtant feature of these pJlymers is the structure which is designed 
with double or multiple strand structures called "ladder pJlymers" by 
linking chemically two strands or more at regular intervals, thus 
forming ladder pJlymers . In the ladder structure many tonds have to 
be b=ken before catastJ:Dphic =llapse takes place, and the breaking 
o f one bond does not affect the stability because the chain is held 
intact by other s ites of the ladder. 
6.1.4 Thermal Stability of Polyurethanes 
The behaviour of polyurethanes at elevated temperatures has been 
studied by many investigators, who have sIX1N!1 that the stability of 
PU's is highly dependent upJn the starting materials, the chemical 
structure formed and the presence of catalyst or other reactants, as 
well as 
presence 
various environmental factors such as humidity and the 
or absence of air or oxygen106 , 108 . Workers on the thermal 
degradation of polyurethanes considered the degradation of PU's 
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canplicated by the fact that nearly all of the possible oourses of 
degradation lead to the formation of carbon dioxide as the only 
gaseous product. 
'The stability of urethane ( I) depends on the type of hydroxyl canpound 
used in their preparation and generally decreases in the order 
H 0 
I 11 
R - N - C - 1 - R' ( I) 
I,R' = primary alkyl > secondary alkyl > tertiary a l kyl. 
As a general rule, the stability of N- substituted carbamate increases 
with decreasing r eactivity o f the parent isocyanate, thus urethanes in 
the following series were found to be increasingly thermostable. 
I. R chlorcsulphonyl < p-ni trcphenyl < phenyl < benzyl < n- alkyl < 
cyclohexyl < tertiary butyl. 
'Thermal destruction of urethane polymers may take place at different 
temperatures and via different rcutes depending upon the chemical 
nature of the substituted urethane grcups in the polymer chain. 
Masiulanis105 shcMed that the chemical stability is connected with the 
dissociation of urethane linkages which takes place in the range of 
200- 2500 C. 'The structure of the hard segment "-Ould be expected to 
exert a strcng influence on the high temperature prcperties and the 
melting point is strcngly dependent on the nature of the diisocyanate, 
chain extender, and on their concentration in the reaction mixture. 
335 
Tarakan::>v et al106 concluded that the mechanism of destruction of the 
urethane group is determined by the structure of the starting 
materials, and they showed that urethane was degraded simultaneously 
in tv.o ways: 
1. By the formation of the starting materials (dissociation) 
2. By splitting, with the formation of CX>2' amine and olefin (or 
secondary amine). 
The results were supported by the work perfonned by Backus et al104 
win showed fran TGA curves obtained that the first stage of weight 
loss is caused by rupture of the primary bonds fonning the polymer and 
v aporis ation of the lower molecular weight polyols and aliphatic 
fragments fonned by further degradation and the second stage of weight 
loss involved thermal and oxidative degradation. Grassie et al~09 
proposed that the thermal degradation of polyurethanes with polyester 
soft s egment can be represented by the reaction sequence sh:Jwn in 
Figure 6.1, where the products underlined were identified. 
6.1.5 Effect of Chemical structure on the Thermal Stability of 
Polyurethanes 
The resistance of polyurethanes to thermal degradation depends 
primarily upon the raw materials fonning the polyurethane and the way 
in which synthesis is carried out which is briefly as follows: 
1. Diisocyanate (structure, functionality) 
2. a) Type of polyol (polyether or polyester), their molecular 
weight and branching I ryf\9. ~ ".,~ .. (~ ~ (-) ~ '" ",: p ~ ) 
b) 01ain extender (type and structure). 
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3. Crosslinking (type and density) or the presence of is=yanurate 
crosslinking. 
4 . Presence of catalyst , blCMing agent and other chemicals used for 
various aspects. 
5. Chemical rrodification of the structure to inccrporate heterocyclic 
groups such as imides. 
Hard segment structures have a great influence on the high temperature 
performance of polyurethanes. Matuszak and FrischllO proved that the 
thermal stability of polyurethane and polyurethane-urea, is increased 
in the follCMing manner; 
Aromatic < aralkyl < cycloaliphatic 
increasing 
A selection of diis=yanates used is a key factor and it is known that 
if all factors are equal then polyurethanes fron these diis=yanates 
fol lCM the fOllCMingl1l; 
Maximum 
OiDI > PPDI > HDI > MDI > TDI 
decreasing _ _ > Minimum 
thermal stability 
Reegen and Fischer 122 have studied the effect of chemical structure 
on thermal analysis of pOlyurethane films. They found that 
polyis=yanate of high aromatic content and high crosslink density 
results in polyurethanes with increased thermal stability. They also 
proved that the incorporation of more urea groups made the polymer 
more thermally stable because of the additional hydrogen bonding of 
the urea groups. 
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Backus et al~07 proved that by using branched MDI over a linear MDI a 
higher initial deocrnposi tion temperature is obtained and a decrease in 
the flamnability. They also concluded that the flamnability of the 
polymer is related to the formation of volatile products during the 
early stages of decomposition. 
The two IrOSt frequently utilised building bl=ks are polyether and 
polyester. Polyesters exhibit =nsiderably higher thermal stability 
than polyether and have generally been found to be quite resistant to 
oxidation under relatively mild conditionsl04 . Therefore polyesters 
are definitely the intermediate choice, if polymers with high 
thermoxidative stability are desired, although polyethers can be 
stabilised to a significant degree by using a suitable antioxidant. 
Frisch and Reegenll3 found that the use of polyisocyanate of a high 
aromatic content results in increased thermal reSistance, and 
resistance to moisture, at a high temperature was also found to 
increase, and it was influenced by the type of polyol and isocyanate 
used in urethane reaction. 
The effect of the catalyst used in the polyurethane production varies 
fron type to type. Polyurethanes obtained with tin diethyl dicaprilate 
(TDEDC) as catalyst are krDwn to be subjected to ageing to a greater 
extent than polyurethane obtained in the presence of other catalysts. 
It has been found that TDEDC causes destruction in the presence of 
IrOisture Onlyl06 . 
As mentioned before, diamine chain extenders give more stable 
polyurethanes than diol chain extenders due to the urea linkages 
formed and this fact has been proved by many investigators and arrong 
the diamines (MJCA), is still the best. 
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Another p;:lssibili ty touched on by a number of =rkers69 , 114 in order 
to improve the thermal resistance of PU's i s by the cyclisation of 
three isocyanate grDups to form isocyanurate rings, see Figure 6 . 2 and 
Table 6.1. 
3 R - NCXl - - - R - N 
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c..:::: 0 
isocyanurate 
Fig. 6.2: lsocyanurate Formation 
TABLE 6 . 1115, 115a: Melting Point of Sane lsocyanurate Structures 
'!'rimer of 'litPe wOe 
Phenyl isocyanate 285 377 
Diphenyl isocyanate 374 
I-Naphthyl isocyanate 335 
2- Naphthyl isocyanate 344 
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rsocyanurates are the most stable structures obtained from isocyanates 
and the polymers prepared from them have dimensional stability and 
considerable strength up to 2350 C and their degradations start below 
250oC. 
Barikani and Hepburnlll showed that the enhancement of thermal 
resistance properties and strength retention has been obtained by the 
use of excess diisocyanate techniques to produce a crosslink system of 
isocyanurate type in situ. 
They believed that the in situ isocyanate and isocyanurate 
crosslinking could be formed by the following methods : 
1. The conventional mixture of urethane biuret, and alloph anate 
crosslinks formed during the final chain extension step, Figure 
6.2a by means of the standard 16 hr and 1200 C hot air cure. 
2. Additional crosslinks, believed to be primarily isocyanurate in 
nature, formed by the combination of conditioning for one week at 
roan temperature and 60% relative humidity followed by a post cure 
of 15- 24 hr at 130oC. 
One of the reported methods to improve the thermal stability is a 
chemical modification of the structure by heterocyclic groups e . g . 
imide groups1l6. Several patents have already been claimed for the 
preparation of urethane- imidel17 . 
The segments of the aromatic pol yimide ( PI) tend to aggregate into 
domains which result in valuable mechanical properties and high 
thermal stability reaching temperatures as high as 500-550oC. 
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6.2 HEAT AGEING OF POLYURETHANE ELASTOMERS 
Heat ageing of the samples was carried out in a circulating hot air 
oven (dry ageing) at llOoC for one day for all the samples and for 3, 
7, 14 and 21 days ageing for a selected number of samples . After 
treatment the samples were stabilised to ambient conditions and then 
all the one day aged samples and sane of the 14 and 21 days aged 
samples subjected to tensile testing measurements similar to the 
method utilised for the mechanical properties measurements in Chapter 
5, Section 5.1 to record any changes in the mechanical properties due 
to oxidation taking place under the selected environmental conditions 
according to the following formula : 
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Cl1ange in Property = 
where PI - property of sample before ageing 
P2 - property of sample after ageing 
x lOO 
Any explanation of the property change with ageing can be based on the 
assumption that two factors are ccmpeting within the p.:>lymer. The 
first is leading to a strengthening or building up of a tighter 
structure and the other leading to a softening or breakdown of 
structure. The balance between the above mentioned two factors which 
is affected by temperature, oxygen, stress, etc can lead to the 
cJaninance of one factor over the other . A p.:>lyurethane test piece may 
not appear to deteriorate on ageing as measured by mechanical testing, 
due to the balancing out of these ccmpeting processes, nonetheless, 
the material may in practice be degraded to a oonsiderable extent. 
Thus it is imp.:>rtant in thermal stability studies that more than one 
type of test be employed . Thenrogravimetric analysis (TGA) and oolour 
~~c:-
formation were carried out beside the ageing test in order to try to 
< 
elucidate the various behaviours which were occurring during ageing . 
6.2.1 Results and Discussi on 
Table 6.2 represents the heat ageing for the HlzMDI based p.:>lyurethane 
types. In general the rv:oc:A chain extended p.:>lyurethane ureas shcMed 
an enhancement in urs and modul us when subjected to 24 hrs ageing at 
HOoe; elongation at break shcMed very little decrease, canpared to 
the 1,4- BD based p.:>lyurethane elastaners in which the heat ageing has 
reduced the mechanical properties . Furthermore p.:>lyurethanes derived 
fron PPG 2025/ HlzMDI / I,4-BD were found to have melted in the oven, 
Le. their application is not recrnrnended for use with p.:>lyurethanes 
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in which stability of mechanical properties at elevated temperature is 
the concern unless the chain extender is changed to an amine type, or 
MDI diisoc:yanate is used instead of H12MlH diisocyanate. 
Table 6.3 shows the effect of heat ageing for polyurethanes based on 
mixed soft segment polyols/MDI/ 1,4-BD. It can be obsmved that the 
canbination of PPG 2025 with Terathane 2000 as a soft segment has 
developed lCMer mechanical properties as a result of the 24 hrs at 
nooe heat ageing, while the cx:rnbination of RP 1343 with Terathane 
2000 in a ll the mixing ratios used has improved the mechanical 
properties of the all Terathane 2000 based polyurethane. It is 
suggested that the increase in the mechanical properties of this 
series has resulted from either crystallisation and/ or the development 
of a network structure in these polyurethane e lastaners. This could 
explain why the rrodulus results are those rrost affected since change 
in crystallinity and cross1inking are reflected rrore by this property 
than by others of the usual mechanical property measurement types. 
Also it is believed that the stress relief taking place during the 24 
hr heating at nooe is responsible for the development of a rrore 
crystalline structure in these MDI / 1,4-BO hard segment series, and the 
evidence for this is the improvement of elongation at break for the 
PPG 2025 + Terathane 2000 and RP 1343 + Terathane 2000 series . 
Table 6.4 shows the heat ageing results for those two series of 
polyurethanes based on the polymer po1yol of Terathane 2000, one with 
the hard segments of MDI/ l,4-BO and the other series with Hl~I/l,4-
BD. It can be seen that both series showed an increase in the urs and 
elongation at break with a decrease in rrodulus. The improvement in the 
urs and elongation at break is th:>ught to be due to the presence of 
the vinyl copolymer dispersed phase in the soft segment as sOOwn by 
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ccmparing samples 45B/722 and 45B/725 (both of which contains 20% of 
the dispersed phase) on one side with sample T -MOl which is vinyl 
copolymer free soft segment on the other side. 
Also of interest is that the enhancement of urs and elongation at 
break for polyurethanes with vinyl oopolymer content in their soft 
segments declines as the vinyl copolymer content of the soft segments 
decreases (samples 722-T-20, 722-T-40, and 722-T- 60). 
Table 6.5 shows the effect of heat ageing on those polyurethane 
elastaners which had an excess of diisocyanate in their formulation . 
In general the mechanical properties are seen to decrease with heat 
ageing at nooe for 24 hrs. Samples derived fron HlzMDI / l,4-BD are 
observed to melt in the oven whereas samples based on HlzMDI/M)CA did 
not melt and showed better heat stability compared to the other 
samples; they lost approximately 20% of their properties during heat 
ageing. 
The data in Table 6.6 sl"loNs the effect of heat ageing for 14 and 21 
days for scrne selected samples. It can be observed that there is a 
continuous loss in the mechanical properties with increasing ageing 
time at 1100 e for all the samples tested. The presence of the 
dispersed vinyl copolymer is considered responsible for the oxidation 
of the polymers as all the samples which contained the vinyl oopolymer 
degraded with a resulting higher percentage loss in the mechanical 
properties compared with those originally measured at room 
temperature. Sample HM-1 , which is that containing the vinyl oopolymer 
free soft segment, showed the best retention of properties as it only 
lost 25% of its original tensile strength, and there was an 
improvement in the elongation at break. Samples T-MOI and TR-MDI-1 
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were found to be canpletely degraded and distorted witixJut exhibiting 
any force after 14 and 21 days ageing in the oven. 'Imse two samples 
in particular slxJwed an improvanent in their mechanical properties 
when subjected to one day's ageing at nooc. 
Those polyurethane elastauers with an excess of diisocyanate (Le. 
possessing higher crosslinked densities) slxJwed a lower reduction in 
the properties with ageing time than the co=espcnding polyurethanes 
witixJut excess diisocyanate in their formulation. 
The hardness was observed to decrease after 14 and 21 days ageing fron 
the original values, and this is considered due to the oxidative 
degradation of these elastauers . Samples HM-l and TRM-l which were 
MXA chain extended exhibited only a little decrease in hardness with 
ageing (see Table 6.7) due to their better thermal stability . 
6.3 'l'HElMlGRAVIMEl'RIC ANALYSIS OF POLYUREl'HANE ElAS'I'(MERS 
'ffiA is a method widely used for studying degradation#. It has the 
advantage of being able to produce data quickly. 'ffiA can row be 
directly linked to other analytical instruments such as 
chranatography, mass spectroscopy, etc, which enables the degradation 
processes to be studied in rrore detail. 
In this research all measurements of 'ffiA were made using a Stanton 
16000 C micro furnace controlled with Eurotherm 815S programmable 
temperature controller. Mass was monitored by a Cl electronic 
microbalance with a range of 0-1.0 gm. Nitrogen gas atrrosphere with a 
flow rate of 60 cc.min-1 was used to provide an inert aUrosphere. The 
instrument was constructed in ~house at Loughborough University of 
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Tech:=logy, lPIME. The temperature was scanned fran ambient to 5(JPC. 
Using this data, the thermal stability of these p;Jlyrreric materials 
was studied by considering (i) initial decanposition temperature, (ii) 
the temperature at which various % weight losses were observed. 
The TGA traces obtained are illustrated in Figures 6.3 to 6.11, where 
the canparative thermal stability of the p;Jlyrrers is derronstrated . All 
the curves for the samples investigated sh:Jwed a negligible weight 
loss below 3(XPC, with further temperature increase, the p;Jlyurethanes 
decanpose into volatile fragments in one stage. 
The characteristics of the TGA traces are surrmarised in Tables 6.8-
6.12, fran which it can be observed that the decanposition temperature 
o f the investigated polymers are rather close, because the 
decanposition results fran the disruption of urethane groups that are 
least thermally stable chemical groups in the system1l8 . Table 6 . 8 
shows that the initial decanposition temperature depends primarily on 
the original raw materials forming the polyurethanes. The 
RPl343/ MDl/ l,4-BD based p;Jlyurethanes (sample RP) decanposes at lower 
temperature than the PPG 2025/MDl / l,4-BD based material (sample PI), 
see Figure 6.3. M)CA based p;Jlyurethanes are seen to sIXM better heat 
resistance compared to their l,4 - BD chain extended polyurethane 
analogues, as the initial decanposition temperatures for the former 
p;Jlyurethanes appeared to be at s lightly higher temperatures than 
those p;Jl yrrers chain extended with l, 4-BD (see Figures 6.4 and 6 . 5 ) . 
The H12MDl based polyurethanes begin to decompose rapidly at 
approximately 200 C lower than the corresponding MDl derived 
p;Jlyurethanes of the same soft segment, chain extender and block 
ratio. The same conclusion has been obtained by Masiulanis105 , w\x) 
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slxJwed that the thennal stability of Hlt1DI based POlyurethanes is 
inferior to that of the MOl derived polyurethanes (see Figures 6.6 and 
6 . 7) . Using 10% excess of MDI diisocyanate did not increase the 
ini Hal decanposi tion temperature (Figures 6.8-6.10), while usin;:! 20% 
excess of MOl was seen to produce rrore ash at the final stage of 
deccmposi tion than the lower levels of excess diisocyanate ( see Figure 
6.10). Increasing the block ratio sIxJwed that the higher block ratio 
polymers decanpose at slightly laver temperature than the lower block 
ratio polyurethanes, Figure 6.11 . 
6.4 OfANGING OF COLOOR IN POLYURE."I'Hl\NE ELAS'lU1ERS 
The change in colour of the polyurethane elastaners which ocetrrred 
during ageing is presented in Figures 6.12- 6 .17 in which it is seen 
that there is a progressive change fron the original colours to those 
of a pale yellav [in the early stage of agein;:! (3 days)] and then, as 
time proceeds, the p::>lyurethanes changed to a darker colour. It is 
believed that in the presence of oxygen this continuous change in 
colour is due to lengthenin;:! of the conjugated polymer chain by the 
fonnation of polycarbodiimide brought about by chemical transfonnation 
in the structure, and to the oxidation of amines formed durin;:! the 
degradation process. 
Figure 6.12 stJa,1S the effect of ageing time (0-21 days) on Hlt1DI / l,4-
BD based PU's with block ratio 1/ 2/ 1. 
Numbers 1- 5 represent a soft segment of all Terathane 2000 . 
Numbers 6-10 represent a soft segment of RP 1343. 
Numbers 11-15 represent a soft segment of 80% Terathane + 20% RP1343. 
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In these elastaners, the original colours of the three elastaners 
examined were white, and after 24 hrs of ageing sample Tl had retained 
its white colour, while sample RP turned sliSlhtly yellow due to the 
presence of the arcmatic ring in the dispersed phase i.e. polystyrene; 
sample TR-l in which the soft segment is a mixture of Terathane 2000 
and RP1343 was mid between them. 'The change in colour in all samples 
increased with time, and they all reached the sarre colour at the end 
of the ageing measurement. 
Figure 6.13 shcMs polymers based on MDI/ l,4-BD, with block ratio of 
1/ 2/ 1 and as follows: 
Numbers 16- 20 represent a soft segment of 80% Terathane + 20% RP1343. 
Numbers 21-25 represent a soft segment of PPG 2025. 
Numbers 26-30 represent a soft segment of 80% Terathane + 20% PPG 2025. 
It can be seen that the change in colour in 7 days ageing for these 
samples is similar to the colour exhibited by the H1ZMDI / l ,4-BD based 
polyurethanes shown in Figure 6.12 within 21 days, and this is due to 
the arcmatic diisocyanate used in the formulation with the PU' s in 
Figure 6. 13 . As the ageing time increases the oolour bec:anes darker 
and darker. It is also important to note that at the final stage of 
ageing the polymers with the vinyl copolymer in their formulation were 
observed to produce a lighter colour than the polymers with no vinyl 
copolymer in their formulation. 
Figure 6.14 represents the ageing time for RPjMDI/ l,4-BD based PU's 
with excess diisocyanate, block ratio 1/ 2/ 1. 
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Numbers 31-35 represent a soft segment of RP 1343 with no excess 
diisocyanate. 
Numbers 36-40 represent a soft segment of RP 1343 with 10% excess 
diisocyanate. 
Numbers 41-45 represent a soft segment of RP 1343 with 20% excess 
diisocyanate. 
As shown in Figure 6.14, there is not a significant change in =lour 
during the ageing time with the change in excess diisocyanate, i. e. 
all the samples sh:Jwed the same behaviour. Similar results are also 
observed in Figure 6.17 where the polymer is formulated from RP 
1343/ H1zMDl/MJCA, with different excesses of diisocyanate. The =lour 
of all the samples at each stage was approximately identical 
i=espective of the presence or the quantity of diisocyanate used. 
Figure 6.15 sh:Jws the change in =lour of polyurethanes with block 
ratio of 1 / 2 / 1 , and chain extended with 1,4-BD . 10% excess 
diisocyanate of either MDl or H1zMDl has been used in the formulation. 
The soft segment is a mixture of Terathane 2000 and RP 1343 in 
different proportions as fo11CMS: 
Numbers 46-50 soft segment canposed of 80% Terathane 2000 + 20% RP 
1343 with 10% excess MDl diisocyanate. 
Numbers 51- 55 soft segment canposed of 60% Terathane 2000 + 40% RP 
1343 with 10% excess MDl diisocyanate. 
Numbers 56-59 soft segment canposed of 60% Terathane 2000 + 40% RP 
1343 with 10% excess H12MDl diisocyanate. 
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It can be observed that the SSfll)les are different in their initial 
colour before ageing . SSfIl)le R6 was light yellow due to the presence 
of benzene rings in the diisocyanate, while sSfll)le R9 is deeper than 
sSfll)le R6 due to the presence of higher proportions of polystyrene in 
the soft segment which gives it the very light colour than sSfll)le R6. 
Sample R12 was white at the start due to the use of H12MDI 
diisocyanate and the presence of higher proportions of polystyrene in 
the soft segment which did n:>t bring about any change in colour during 
storage at ambient temperature. As the ageing proceeds, they all 
oxidised and the colour turned to a deeper yellow, and finally to a 
brown colour. It can be ooncluded that the change in colour at ambient 
temperatures can be controlled by the proper choice of diisocyanate, 
soft segment and chain extender . 
Figure 6 .16 shows the effect of ageing time at nooe on the PPG 
2025/MDI/ l,4- BD based polyurethanes, with various excess diisocyanate, 
block ratio 1/ 2/ 1 as follows: 
Numbers 60- 64 with 10% excess MDI diisocyanate . 
Numbers 65-69 with 20% excess MDI diisocyanate. 
It can be observed that at the start the polymer with 20% excess 
diisocyanate was deeper in colour than the 10% excess diisocyanate, 
and as the ageing carried on they both developed similar colours at 
the vari ous stages of ageing. It i s important to record here that the 
14 days ageing brought about the deepest dark brown oolour, after 
which the colour beoomes lighter, this could be due to the chain 
scission in the backbone of the polymer. 
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Sample 
Tl 
T2 
T3 
THM-1 
THM- 2 
THM-3 
TR-1 
TABLE 6 . 2: Effect of heat ageing on the mechanical properties of H1ZMDI based PU ' s in air at 1100C 
Chain Block Unaged Properties 1 Day Ageing Properties 
Extender Ratio UTS EB MlOO M300 UST % EB % MlOO % (MPa) (%) (MPa) (MPa) (MPa) Change (% ) Change (MPa) Change 
1,4-BD 1: 2: 1 9.32 830 1. 53 3.46 12 .77 +37 1300 +56 2. 1 -37 
" 1:3:2 6 . 44 330 4 .46 6.32 7 . ll +[0 420 +27 3.53 -22 
" 
1: 4 : 3 8.56 230 7 .47 - 9.18 +7 330 +43 6.50 -13 
MOCA 1: 2 : 1 15.49 740 2.2 5 . 01 12.24 -21 550 -25 2.99 +36 
" 1:3:2 18.2 500 5.86 11. 8 22 .74 +25 675 +35 7.52 +28 
" 1:4:3 30.50 350 14.43 23 .43 27 .40 -10 300 -14 17.80 +23 I 
1,4-BO 1: 2: 1 21.46 1665 1.4 3.43 20 . 33 -5 1785 +7 
M300 % (MPa) Change 
3.72 +7 
5 . 56 -1 2 
8.82 -
6.39 +27 
13 .34 +13 
27.40 -
-------------------------------------------------------------------------------------------------------------------- --
w 
<..n 
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Table 6.2 (continued) 
I Sample Chain Block 
Extender Ratio 
I 
I 
, 
I TR-2 1,4- BO 1: 2 : 1 
TR- 3 " " 
i 
i 
TRM-I MOCA " 
I TRM-2 " " 
i TRM-3 " " 
I RP l,4-BO " 
RHM MOCA " 
HI 1,4-BO " 
Unaged Properties 
UTS EB MlOO ( MPa) (%) (MPa) 
12 .92 1420 1. 94 
4 . 51 600 2 .17 
18.48 630 3. 27 
18 . 53 580 4.38 
12 . 69 770 2.90 
1. 59 145 1. 39 
8.37 490 1.8 
17.40 1400 1.94 
1 Oay Ageing Properties 
M300 UST % EB % M100 % M300 (MPa) (MPa) Cha nge (% ) Change (MPa) Cha nge (MPa) 
4 .71 5.65 -56 725 - 49 ? 
-
3 .94 1. 3 - 71 280 -53 \ 
7 . 52 13 .00 - 30 540 -1 4 3.25 -0. 06 7.23 
11.28 25 .61 ~ 38 560 - 3 5.81 +33 13. 73 
5.97 11. 58 -9 1040 ~ 35 2 . 20 - 24 5. 10 
- 4.28 ~1 69 780 ~4 38 
5 .68 8.2 -2 900 ~83 
3.54 26 . 00 +49 1890 ~490 
% 
Change 
- 4 
+22 
-14 
J 
I 
I 
w 
V1 
"'" 
Table 6 . 2 (continued) 
Sample Chain 
Extender 
H2 " 
H3 " 
HM-l MOCA 
HM-2 " 
HM-3 " 
PI 1 ,4-BD 
P2 MOCA 
Block 
Ratio 
" 
" 
" 
" 
" 
" 
" 
Unaged Properties 
r--UTS EB M 100 
(MPa) (% ) (MPa) 
9.63 1780 1. 42 
3 . 68 850 1.49 
11.89 950 1. 47 
I 8.71 975 0 .95 
I 
I 6 . 32 1140 1. 23 
I 
I 2 . 94 590 1. 16 i , 
I 
I 
6.25 760 0 . 15 
1 Day Ageing Pr operties 
M300 UST % EB % M100 % M300 % (MPa) I (MPa) Change (%) Change (MPa) Change (MPa) Change 
I 
3.195 5 .4 -44 1160 -35 , 
, 
I 
3.06 Melted in the oven 
t 
3.31 12.73 +7 930 -2 
2.61 9.85 +13 975 0 
3.77 I 3.12 -50 1090 -4 I I 
2.45 : Melted I 
I J 
! ! , 2.66 7 . 88 +24 875 +1 I 
w 
U1 
U1 
TABLE 6.3: Effect of heat ageing at l1JoC fo r 24 hours on the mec hanica l properties of polyurethane elastomers based on mixed 
polyols . 
PU type: Mixed soft segment/MDI/l,4-BD. Block ratio (1/2/1) 
Unaged Properties 1 Day Ageing Properties 
Sample Soft Segment 
UTS EB M 100 M300 UTS % Change EB % Change MlOO % Change M300 % Change 
(MPa) (% ) (MPa) (MPa) (MPa) % (MPa) (MPa) 
P- MDI PPG 2025 15.55 2040 1.45 3.2 10.5 -32 1820 -10.7 
P-MDI-1 80% Terathane 33.80 1610 2 .42 4 . 1 28.0 -1 7 1630 +1. 2 
2000 + 
20% PPG 2025 
P-MDI-2 60% Terathane 35 . 32 1580 2.49 4. 15 8.36 -76 2065 +30 
2000 + 
I 40% PPG 2025 
! 
P-MDI-J 40% Terathane 5.854 2080 1.2 1. 64 1.8 +69 2185 +5 
+ 
I 60% PPG 2025 
W 
lJl 
'" 
Table 6.3 (continued) 
Sample Soft Segment 
RP-MOl RP 1343 
TR-MDI-l 80% Te rathaoe 
2000 + 
j 20% RP 1343 
I TR-MDI - 2 60% Terathane 2000 + 
40% RP 1343 
I 
TR-MDI-3 40% Terathane 
2000 + , 
l 60% RP 1343 
Unaged Properti es 
UTS EH M 100 
(MPa) (%) (MPa) 
9.3 985 1.68 
12.9 1100 1. 33 
9.36 800 1. 62 
6. 06 1455 0 . 65 
1 Day Ageing Properties 
MJOO UTS % Cha nge EB % Change M 100 % Change M300 % Change 
(MPa) (MPa) % (MPa) (MPa) 
I 
3 .76 11 . 35 +22 1060 +7 I 
I 
3 .45 21.80 +69 1470 +34 1.87 +41 3.65 +6 
I 
I 
3. 24 10. 23 +9 1025 +28 
I 
1. 43 1. 88 - 69 1350 -7 I 
I 
I 
I , 
r------------------- ---- -
TABLE 6.4: Effect of heat ageing at 11Jo for 24 hours on the mec hanica l properties of polyurethane e l astomers based on 1,4-BO 
chain extender. 
PU type: Mixed soft segme nt/Diisocyanate/1,4-BD . Block ratio (1/2/1) 
Unaged Pr operties Aged Properti es 
Sample Sof t Segment Oiiso-
cyana t e UTS EB M 100 M300 VTS % Change EB % Change MlOO % Change M300 % Change 
I (MPa) % (MPa) (MPa) (MPa) % (HPa) (MPa) 
I 
T-MDl Terathane MOl I "" 1570 2.20 3. 53 19.26 -18 1600 +2 1.85 -1 6 3.00 -1 5 I 2000 
45B/7 22 45B/722 " 7. 09 400 2 . 83 5 . 44 11. 44 +61 790 +98 2.53 -11 4 . 94 -9 
45B/725 45B/7 25 " I 8 . 35 330 3.40 7 . 85 9 .61 +15 430 +30 2 . 67 - 21 6 .68 -15 
I 
, 
20P-7 22 80% 45722 " I 8 . 80 420 3 .14 6.54 11 . 83 +34 600 +43 2.97 - 5 6.32 -3 I 
+ 20% PPG2025 
I 
I 
I 
I 722-T-20 80% 45B/722 " 9 . 4 490 2.71 6.05 1 1. 73 +25 530 +8 2 . 07 - 24 5.35 -11 + 20% Te rathane 
: 
Table 6 .4 ( continued) 
Unaged Proper t ies Aged Properties 
Sample Soft Segment Diiso-
cya nate UTS EB M 100 M300 UTS % Change EB % Change M 100 % Change M300 % Change 
(MPa) % (MPa) (MP a ) (MPa ) % (MPa) (MPa) 
722-T-40 60% 45B/722 " 6 . 88 430 2 . 36 4 .98 8.26 +20 450 +5 2 .02 -14 4 . 26 -14 
+ 40% Terathane 
722-T-60 40% 45B/722 " 6.52 430 2 . 30 4 .60 7.61 +17 500 +16 2.05 -11 3 . 99 -13 
+ 60% Terathane 
722-H-BD 45B/ 722 H12MDI 5 . 63 340 3.09 5.27 6 .71 +19 540 +59 2.5 - 19 5 . 19 - 22 
725-H-BD 45B/725 " 3.51 190 3.51 - 3.86 +10 230 +21 1.73 - 51 - -
722-H-BD 45B/722 " 5.66 340 2.12 5 . 09 5 . 55 -2 400 +17 1. 55 -69 4.13 -19 
+ Catalyst ! 
I 
w 
U1 
'" 
TABLE 6 . 5 : Effect of heat ageing at l1(J°C f or 24 hrs, on th e me chanical propert i es of po l yure thane elastomers ba sed on excess 
dii socyanate 
Block Ratio (1 / 2/1) 
Unaged Properties 1 Day Ageing Properties 
Sample Dii so- % Excess 
cyanate Dii so- UTS % EB MlOO M300 UTS % Change % EB % Change MlOO % Change M300 % Change 
na t e (MPa) (MPa) ( MPa) (MPa) (MPa) 
I 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
Rl MDl 10 10.5 1000 2.0 4 .1 8 . 73 -17 1090 +9 1. 07 - 46 I 2 . 27 - 45 
I I 
I i R2 " 20 12 . 35 820 2.3 4.1 9.97 -19 680 -17 I 1.7 - 26 3.39 - 17 I 
I : R3 " 30 14 . 68 560 1. 8 3 .8 11.50 -2 1 250 -55 1.6 - 11 - -! 
R5 H1 2MDl 7.44 1230 2 .04 3.94 i1elt ed i n the oven 
I 
I 
R6 MDl 10 22 . 0 2030 2 .36 4 .95 13 .97 -36 1300 - 36 2.83 -16 4 . 37 -1 2 
I I 
I I ! 1. 95 I R7 " 20 1 12 .8 1200 2 . 2 3.8 10 . 24 - 21 650 - 46 -11 3.07 -19 I I 
w 
'" o 
I 
Ta ble 6 . 5 (continued ) 
I 2 3 
RB MDl 30 
R9 " 10 
RIO " 20 
Rll " 30 
R1 2 Hl2MDl 10 
R1 3 " 20 
RI 4 " 30 
RI5 " 30 
4 5 6 
9.B BOO 2 . 01 
15.9 950 2 . 23 
17 .24 410 1. 66 
4 . 61 540 l. 65 
14 . 21 1500 2 . 20 
I 4 . B2 5BO 1. 27 ! 
I 4.53 600 1. 26 
I 
, 
7 8 9 10 II 12 13 14 15 
3 . 3 6 . 3 -36 I 
720 - 10 - 1. 45 - 2B 3 . 59 +9 
3.59 13 .7 2 -14 1040 +10 1. 75 - 21 4 . 01 + 12 
3 . 32 4 . 70 -59 460 +12 1. 69 +2 3.13 -6 
3 .46 2. 13 - 54 i 300 - 44 1. 33 -1 9 2. 13 - 38 
5 . 35 3.23 - 77 1 440 -71 1. 77 - 19 3 .01 - 44 
2 . 92 I 
2 . 53 i Melted i n t he oven 
I 
! 
~-------------------------------------------------------------------------------------------------------------
Table 6 . 5 (continued) 
1 2 3 I, 5 6 7 8 9 10 11 12 13 14 15 
R16 " 10 11. 40 420 2.62 8 . 23 9 .18 -19 400 -5 2.24 -14 6 . 63 - 19 
R17 " 20 12 . 25 320 2.86 LO.SO 9.80 -20 270 -1 6 2.89 +1 - -
1 RIB .. 30 15 . 64 390 3 . 93 10 . 55 13.15 -16 350 -10 4 . 04 +3 I 10.87 +3 
I 
H. " 10 12.34 1600 1. 60 3 . 20 1. 56 -87 
I 600 - 63 0.69 -57 1. 47 -54 I 
I 
H5 H12MDl 20 12.77 1650 1. 50 3. 00 
H6 " 30 12.72 1650 1.77 3.10 
P4 " 10 3 . 20 600 1. 10 2.20 Melted i n the ove n 
( 
P5 .. 20 8 . 32 2460 2.41 4.16 
, I 
P6 .. 30 I 5 . 81 2100 1.01 2.27 I I I I 
Table 6.5 (continued) 
1 2 J 4 5 6 7 8 9 10 II 12 13 14 15 
P7 MDl 10 10.26 2400 0 . 74 1.00 7.99 -22 2400 0 0.62 -16 O. B - 20 
PB " 20 15 .44 1740 0 . 92 1. 65 7.96 -48 1650 +1 2 0.B4 -9 1. 22 -26 I 
: 
i 
P9 " 30 I 14.37 570 1. 27 2 . 34 5.46 -62 800 +40 0 . 98 -23 1. 96 -16 
I 
PlO H 12MDI 16 I 2 . 66 580 0 .93 2 . 23 Melt ed in the oven 
~-------------------------------------------------------------------------------------------------------------------------------
w 
'" w 
TABLE 6.6: Mechanical Properti es as a f unc ti on of ageing time at 110°C fo r various polyurethane elastomers. 
Block rati o (1/2/1) 
, 
Property Sample Dii so- Chain Un aged Ageing Time 
cyanate Extender Value 1 day 14 days 21 days 
Value % Change Value % Change Value % Change 
Ultimate HM-l H12MDl MOCA 11.89 12 .7 3 +7 8.5 -28 8.75 -26 
TRM-l " " 18.48 13 .00 - 30 2.3 -87 2.56 -86 
Tensi le TR-MOI-l MOl 1,4-BO 12.9 21 . 80 +69 Completely degraded 
T-MDl " " 23 .94 19.26 -18 
Strength R6 " " 22.0 18.81 - 14 6 .03 -68 5.64 -70 
(MPa) R9 " " 15.9 13.72 -14 5. 24 - 66 4.48 -72 
I I Elonga- HM- l H12MOl MOCA 950 I 930 - 2 1240 +30 1330 +40 tion TRM-I " " 630 540 -14 300 -52 I 360 -43 
at TR-MOl-l MOl 1,4-BO llOO 1470 +34 Completely degraded 
Break T-MOl " " 1570 1600 +2 
(%) R6 " " 2030 1690 -17 570 -72 350 -83 
R9 " " 950 1070 +13 540 -43 I 440 -59 
I 
Table 6.6 (continued) 
Property Sample Oiiso- Chain Unaged Agei ng Ti me 
cyanate Ext end er Value I day 14 days 21 days 
Value % Change Value % Change Value % Change 
, 
I HM-l H12 MOl MOCA 1.47 1. 85 +26 l. 56 "'6 1.0 -32 , 
I TRM-l " " 3.27 3.25 -0.06 1.14 -65 1. 14 -65 
I MlOO TR- MOl-l MOl 1 , 4-BO 1. 33 1. 87 +41 - - - -
T-MOl " " 2.2 1. 85 - 16 - - - -(MPa) R6 " " 3 . 36 2.83 -16 0.91 - 73 1.04 - 69 
R9 " " 2.23 1. 75 -21 0.86 -61 1.06 -52 
HM- l H12MDI MOCA 3.31 3.44 +11 2.25 - 32 
TRM-l H 12MOl " 7 . 52 7.23 - 4 2.3 -69 2.4 1 -68 I M300 TR- MOI-l MOl 1,4-BO 3.45 3.65 +6 - - - -T- MOl " " 3 .53 3.00 -15 - - - -(MPa) R6 " " 4.95 4.37 -12 0.91 - 82 1. 74 -65 
R9 " " 3 . 59 4.01 +1 2 l.3 -64 1. 67 - 53 
TABLE 6 . 7: Variation of hardness with ageing times for various 
polyurethane e1astaners at llOoC. 
Block ratio (1/ 2/ 1) 
Hardness Agein;] TiIre 
Sample Before 
Ageing 1 day 14 days 21 days 
Soore A 
HM-1 75 75 66 70 
TRM- l 77 76 72 69 
TR-MDI-l 72 73 65 54 
TI-MDI 70 70 54 45 
R6 73 70 44 58 
R9 69 68 58 59 
365 
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TABLE 6.8: Initial decanpositoon temperature of various polyurethanes, 
heating rate 10°C min -1 in a nitrogen atnosphere 
Initial * Sample Initial Sample 
Decanposition Decanposition 
Temperature Temperature 
°e °e 
T1 309 T-MDI 328 
RP 305 RP-MDI 322 
P1 310 P-MDI 310 
RHM 315 R6 320 
TRM-l 310 R9 310 
TR-l 298 R10 311 
TR- MDI-1 320 R16 322 
TR-MDI-2 312 NI 312 
RI 325 
* The temperature at which the weight losses are detected by the 
instrument. 
366 
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TABLE 6.9: Summary of the TGA Data for the H12MDI based PUs . 
Block ratio (1/2/1) 
Heating rate lOCe min- 1 , in nitrogen atmosphere, flow rate 60 cc .min- 1 
Temperature, QC 
Sample Chain 
Extender % weight losses 
la 20 30 40 50 60 
RP 1,4-80 337 359 375 391 404 412 
Pi 1 ,4-80 355 373 389 407 421 429 
Tl 1,4-BO 356 385 412 428 436 444 
RHM MOCA 360 377 392 408 425 432 
TRM-l MOCA 359 384 405 420 431 442 
TR-l 1,4- BD 352 382 408 423 43 1 438 
70 80 90 
419 426 439 
436 442 460 
452 460 473 
440 449 468 
452 465 486 
445 452 464 
w 
(j\ 
(» 
TABLE 6.10: Summary of the TGA data showing the effect of type of diisocyanate. Heating rate 
atmosphe r e 
Te mpe ra ture, DC 
Sample Diiso-
cyanate % weight losses 
10 20 30 40 50 60 70 
TR-l H1 2MDl 352 3B2 40B 423 431 438 445 
TR-MDI-l MDl 361 385 409 421 429 435 442 
RP H12MDl 337 359 375 39 1 404 412 419 
RP-MDl MDl 360 37B 387 390 400 406 411 
Tt H 12~tDl 356 385 412 42B 436 444 452 
T-MDl M.Ol 367 389 398 404 !dO 415 420 
I PI H 12~tDl 355 373 
I 
389 407 421 429 436 
I P-MDI MOl 365 383 390 395 401 407 412 
* Block ratio 1/2/1 
BO 90 
452 464 
45 1 488 
426 439 
41B 439 
460 473 
430 454 
445 460 
419 443 
of * of is TABLE 6.11 : Summary the TGA data of polyurethane elastomers , effect excess diisocyanate. Heating rate 
100 . -1 in nitrogen atmosphe re, flow r ate 60 cc/min- l C .m1n , 
: 
Temperature, QC Diisocy- % Excess Ssample anate Dii socy- % weight losses 
anate 10 20 30 40 50 60 70 80 90 
, I 
RP-MOl MOl 0.00 360 378 387 390 400 406 411 418 439 I 
I Rl MOl 10.0 360 376 386 393 400 407 414 422 
I RHM H12MDl 0.00 360 377 392 408 425 432 440 449 468 
R16 " 10.0 363 382 398 4ll 420 427 436 449 w 
en 
'" 
TR-MDl-l MOl 0.00 361 385 409 421 429 435 442 451 488 
R6 MDl 10.0 357 379 403 418 42 7 434 441 450 505 
TR-MDl-2 MOl 0 . 00 359 382 402 410 420 422 431 445 
R9 MOl 10.0 36 1 380 400 415 425 430 463 
RlO MOl 20 .0 349 
* Block ratio 1/2/1 
TABLE 6.12 : Summary of TGA da t a of polyurethane e last omers * Eff ec t of blo 
nitrogen atmosphe re , f l ow rate cc .min- 1 
ck ratio. Heating rate is 100C.min- 1 in 
Temperature 
Sample Block 
Ratio % weight 10 sses 
10 20 30 40 50 60 70 80 90 
TR-MDI-1 1/ 2/ 1 361 385 409 421 429 435 44 2 45 1 488 
w N1 1/3/2 353 371 393 412 422 -..j 
0 
431 440 454 
PU type = 80% Terathane + 20% RP 1343/MDI/l.4-BD 
* 
Blo ck ratio 1/2/1 
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COMPARISON BETWEEN SAMPLES (RP & P1) 
Legend 
• P1 (Soff Segment PPG2025) 
b. ~Soff S~ent RP124~ 
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TEMPERATURE, C 
Fig.6.3. TGA of Polyurethane Elastomers, in Nitrogen 
Atmosphere, Effect of Vinyl Copolymer in the Soft Segment 
PU type: Soft Segment! H,2MDI/1,4-BD. Block Ratio (112/1). 
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• RP (Chain Extender 1,4-9D2 \ 
/:; RHM (Chain Extender MOCA) ~ 
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TEMPERATURE, C 
Fig.6.4 .TGA of Polyurethane Elastomers, in Nitrogen 
Atmosphere, Effect of Chain Extender, 
PU type: RP1234/H
12
MDI/Chain Extender. Block Ratio (1/2/1). 
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COMPARISON BETWEEN SAMPLES (TR-1 & TRM-1) 
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20 Legend 
• TR-1 (ChaIn Extender 1.4-80) 
6 TRM-.!.illa ln Exte nder M~ \ 0 +---~--~--~--~---r--~---r---r--~--~---4 
o 50 100 150 200 250 300 350 400 450 500 550 
TEMPERATURE, C 
Fig.6.5 . TGA of Polyurethane Elastom ers, in Nitrogen 
Atmosphere, Effect of Chain Extender 
PU type: 80% Terathane 2000 + 20% RP1343/ H 2MOI/1,4-BO 
Block Ratio (1/2/1). 1 
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• P-MDI (DII socyanote MOl} 
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TEMPERATURE C 
Fig.6.6 . TGA of Polyurethane Elastomers, in Nit rogen 
Atmosphere, Effect of Diisocyanate Type 
PU type: PPG2025/ Diisocyanate/ 1,4-BD. Block Ratio (1/2/1). 
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TEMPERATURE C 
Fig.6.7 .TGA of Polyurethane Elastomers, in Nitrogen 
Atmosphere, Effect of Diisocyanate Type 
PU Type: 80% Terathane 2000 + 20% RP1343/Diisocyanate/ 1,4-
Block Ratio (1/2/1). 
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Fig.6.8 .TGA of Polyurethane Elastomers, in Nitrogen 
Atmosphere, Effect of Excess of Diisocyanate 
PU Type: RP1343/MDl/l,4-BD. Block Ratio (V2/1). 
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TEMPERATURE, C 
Fig.6.9 . TGA of Polyurethane Elastomers, in Nitrogen 
Atmosphere, Effect of Excess Diisocyanate 
PU type: 80% Terathane 2000 + 20% RP1343/MDI/1,4-BD. 
Block Ratio (V2/1). 
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Fig.6.10 . TGA of Polyurethane Elastomers, in Nitrogen 
tmosphere, Effect of Excess Diisocyanate 
PU type: 60% Terathane 2000 + 40% RP1343/MDI/1,4-BD. 
Block Ratio (1/2/1). 
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Fig.6.11 . TGA of Polyurethane Elastomers, in Nitrogen 
Atmosphere, Effect of Block Ratio 
PU Type: 80% RP1243+20% RP1343/MDI/1,4-BD 
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Fig. 6.12. Colour changes during ageing at !l0 "C at various intervals for 
polyurethane elasromers based on Hl2MDI/l,4-BD hard segments, and 
block ratio 1/2/1, with different soft segments as follows : 
(a) Sample TI Wilh soft segment of Terathane2000. 
Cb) Sample RP wi th soft segment of RP1343. 
(c) SampleTR-l with soft segment of 
(80% Terathane2000+20%RP 1343). 
}80 
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~ample ~l 
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===<mple 
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Fig. 6.13. Colour changes during ageing at 110 "C at various intervals fo r 
polyurethane elastomers based on MDl/l,4-BD hard segments, and 
block ratio 1/2/ 1, with different soft segments as follows: 
(a) Sample TR-MD I-l with soft segment of 
(80%Terathane2000+20%RPI343). 
(b) Sample P-MDI with soft segment of PPG202S. 
(c) Sample P-MDI-l with soft segment of 
(80% Terathane2000+ 20%PPG202S). 
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Fig. 6.14. Colour changes during agemg at 110 ·C at varIOus intervals for 
polyurethane elastomers derived from RP1343/MDIIl ,4-BD, with 
block ratio 1/2/1 , showing the effect of using different levels of excess 
diisocyanate as follows: 
(a) Sample RP-MD! with no excess diisocyanate. 
(b) Sample RI with 10% excess MD! diisocyanate. 
(c) Sample R2 with 20% excess MD! diisocyanate. 
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Fig. 6.15. Influence of using excess of diisocyanate on the colour changes during 
ageing at 110 ·C at various intervals for polyurethane elastomers based 
on mixed soft segment. with block ratio 1/2/1. as follows 
I 
(a) Sample R6 with soft segment of 
80%Terathane2000+20%RPJ343 and 10% excess MDl 
(b) Sample R9 with soft segment of 
60%Terathane2000+40%RPI343 and 10% excess MDI 
(c) Sample R12 with soft segment of 
ane2000+40%RPJ343 and 10% excess HI2MDI 
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Fig. 6.16. Influence of using excess of diisocyanate on the colour changes during 
ageing at I 10 'C at various intervals for polyurethane elastomers based 
on PPG2025/MDIII ,4-BD. Block ratio 1/2/1 
(a) Sanlple P7 with 10% excess of djisocyanate. 
(b) Sample pg wi th 20% excess of diisocyanate. 
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Fig. 6.17. Colour changes during ageing at 110 ·C at various intervals for 
polyurethane elastomers based on RP1343/H 12MDIIMOCA and block 
ratio 1/2/1 showi ng the effect of using different levels of excess 
diisocyanates as fo llows: 
(a) Sample RHM with no excess of dii socyanate. 
(b) Sample Rl6 with 10% excess of diisocyanate. 
(c) Sample R17 with 20% excess of diisocyanate. 
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(b) Sample R16 
(c) Sample R17 
Increasing Ageing Time 
_So 
21 days 14 days 7 days 3 days 0 days 
illllllll"ll ~ll1ll11lrUlII"llrm If I In r mltltll~lfnpn "Fl""l""III' ~t"qltl~~ 
CHAPTER SEVEN 
GENERAL DISCUSSION, CONCLUSIONS AND 
RECOMMENDATIONS FOR FURTHER WORK 
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7.1 DISCllSSICN AND CXN:LUSIONS 
In this study the main aim was to find in the polyurethane elastaner 
field an application area for new types of polymer polyols which, 
combined with the conventional soft segments based on 
poly(oxypropylene) and poly(oxytetramethylene) polyethers, would 
satisfy the following two objectives. First, by using such blends 
produce good quality polyurethanes and second obtaining a reduction in 
cost of these polymers produced through a reduction in the soft 
segment cost. 
A series of such blends and also single soft segment polyether based 
polyurethane elastaners was synthesised and characterised by using the 
techniques of DMl'A, DSC, IR, WAXD, SEM and mechanical properties. The 
data obtained sought to investigate the effect of the following 
factors on the structure-property relationship in polyurethane 
elastaners: 
1. The effect of reaction ratio. 
2. The effect of mixing one type of polyol with another type of 
polyol, and single polyol with polymer polyo1. 
3. The effect of chain extender types. 
4. The effect of the structure of diisocyanate. 
5. The effect of using an excess of diisocyanate. 
6. The effect of using catalyst. 
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i) The IlMI'A experiments showed that all the blends of soft segments 
were compatible with each other since only one single soft 
segment glass transition temperature was obseJ:ved per sample of 
the polymer blends synthesised. 
ii) Individual hard segment glass transition terrperatures were not 
detected in the various polyurethanes. 
iii) Polyurethanes based on Terathane 2000/H12MDI/l,4-BD and 
Terathane 2ooo/Hlt'IDIjMX"A were considered to show an increasing 
degree of phase segregation with hard segment length reflected 
by a lower soft segment glass transition terrperature as the hard 
segment length increased. Polyurethanes of the above chemical 
canposi tion showed improved mechanical properties and thermal 
resistance as the hard segment length increased. The hard 
segment is of course considered to act more effectively as a 
physical crosslink and a reinforcing agent as they are embedded 
in the soft segment matrix. 
iv) Polyurethanes based solely on these polymer polyols or on a 
blend of polymer polyol with Terathane 2000 produced higher 
modUli elastomers with extended rubbery plateau than those 
polyurethanes based on the single conventional soft segments of 
Terathane 2000 and PPG 2025. Also the presence of the vinyl 
copolymer in the soft segment did not promote phase mixing 
between the hard and soft segments as the glass transition 
temperature of the homopolymer soft segment remains almost 
unchanged. It is considered that the vinyl phase dispersed in 
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the soft segment is canpletely isolated in these polymers. This 
view is further supported by the SEM investigation which sh:::Med 
that inclusions and globules appeared on the surface of the 
polyurethane elastomers whenever the polymer polyols soft 
segments (source of vinyl copolymer) was used in the 
fonnulation. 
v) DMl'A and DSC experiments for puIS based on the polymer polyol of 
Terathane 2000/MDI/l,4-BD, showed that the vinyl copolymer 
composition of 50:50 PS/ACN gives a PU of better thermal 
stability than when the vinyl copolymer canposition is 70:30 
PS/ACN. 
vi) pU derived fron the polymer polyol of Terathane 2000/H12MDI/l,4-
BD sh:::Med a marked increase in their thermal stability when 
catalyst was used during the chain extension as the plateau 
sustained to a higher temperature. 
vii) The rigid aranatic hard segments (MDI/l,4-BD) based PU'S appear 
to develop higher levels of phase mixing between the hard and 
soft segments; suggested by the rise in the soft segment glass 
transition temperatures, and this is interpreted as a 
consequence of the presence of rigid aranatic structures in the 
backbone. Also MDI/1,4-BD produced polymers with well ordered 
structure when the block ratio is 1/2/1, compared to the 
equivalent more flexible aliphatic H1zMDI/1,4-BD hard segments 
based POlymers, and this in turn sh:::Med more phase segregation 
materials with amorphous hard segment structures for the 1/2/1 
block ratio and an ordered hard segment structure for block 
ratios 1/3/2 and higher. The DMrA and DSC data supported the 
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conclusion that sane molecular ordering has been realised for 
the Terathane 2000/HlzMD1/l,4-BD when the block ratio increased 
and has resulted in an enhanced rrodulus. 
viii) Using excess of the stoichiometric amount of diisocyanate 
prorrotes more phase mixing between the hard and soft segments 
irrespective of the type of hard and soft segments used. It is 
further noted that in spite of the chemical crosslinking 
introduced by using excess of diisocyanate, microphase 
segregation of the hard and soft segments definitely exists in 
these materials. 
i) All the endotherms observed in the DSC curves are morphological 
in origin. The endotherms around 60-BOoC which are attributed 
to the formation of short range ordering induced by storing at 
room temperature (annealing) were seen to vanish when rescanning 
---the samples again imnediately after quenching. 
ii) Proved the possibility of forming an ordered hard segment 
structure belonging to the HlzMD1/l,4-BD at higher block ratios 
than (1/2/1) for Terathane 2000/H1zMD1/l,4-BD polyurethanes, 
although the HlzMDI used (Desrrodur W) is a mixture of the three 
isomeric forms of cis-cis, trans-trans, and cis-trans 
configuration. 
iii) The presence of the dispersed vinyl copolymer in the soft 
segment for all the polyurethanes syntheSised, did not raise any 
difference in the shape of the DSC therrrograms. 
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iv) When using 20% excess of the stoichiometric amount of 
diisocyanate and higher levels in the fonnulation, multiple 
endothermic peaks were observed in the region of 200-230oC. 
'I11.ese peaks were taken as an indication of the formation of 
isocyanurate structures. 'I11.is is inconsistent with the DMI'A 
results which showed an increase in their thermal stability when 
higher levels of excess diisocyanate had been used in the 
fonnulation. 
IR EXPERIMENl'S 
'I11.e infrared spectrosoopic study was conducted to gain infonnation 
about the extent of hydrogen bonding. 'I11.e hydrogen bonded NH groups 
generally showed an lR absorption peak at about 3300 cm-l , while the 
free NH stretching absorption peak appeared at about 3420 cm -1. 'I11.e 
corresponding free and hydrogen bonded carbonyl group are centred at 
1730 and 1705 cm-I respectively. It has also been concluded that at 
room temperature, the hydrogen bonding depends on the chemical 
structure of the diisocyanates and the chain extenders as follCMS: 
i) 'I11.e MJCA chain extended polyurethanes exhibited higher hydrogen 
bonding than their corresponding 1,4-BD chain extended 
polyurethanes • 
ii) 'I11.e extent of interurethane hydrogen bonding was found to be X 
J-
lower in the polyurethanes having lower phase separation 
structures between the hard and soft danains (Le. MDl based 
pU I S which showed nore phase mixing have lower hydrogen bonding 
values than the nore phase separated HlzMDl based PUIS). 
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iii) Crosslinked p:)lyurethaneS have a lower hydrogen bonding than the 
corresponding theJ:m:>plastic p:)lyurethanes. It has also been 
observed that the presence of vinyl cop:)lymer in the soft 
segment increased the hydrogen bending when MDI diisocyanate was 
used in the synthesis of the p:)lymer. 
iv) IR analysis for the Terathane 2ooo/Hl:tIDljMJCA series with a 
block ratio of 1/2/1 and higher has shown that mixed Hl:tIDljMJCA 
hard segment lIDi. ts are hydrogen bonded to the ether groups of 
the Terathane 2000 soft segment. It has also been suggested that 
these hydrogen bending interactions in these M)CA chain extended 
P:)ltethane ure1 contribute to the increased soft segment 
glass transition terrperatures resulting fron nore phase mixing 
over the analogous 1,4-BD series which showed more phase 
separations as evidenced by their lower Tgs. 
X-RAY DIFFR1\Cl'ION EKPElUMENl'S 
The X-ray diffraction analysis was conducted to examine the effects of 
segmental type on structures of the nroel canpounds as follows: 
i) The X-ray diffraction photograph for sample TR-MDI-l of the 
block ratio 1/2/1 and MDI/1,4-BD as the hard segment did not 
show a diffraction pattern, and displayed only a diffuse 
scattering, while the DSC scan revealed the presence of 
crystalline melting endotherms at 1830 C and 1920 C. This 
discrepancy arises as the aranatic urethane danains of the block 
ratio 1/2/1 may p:)ssess some preferential chain ordering, but no 
long ordering. The presence of ordered structures in sample TR-
MDI-1 were shown as dotted lines by the X-ray diffractanderusing 
a special heat treatment procedure. 
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ii) The tendency of poly(oxytetramethylene) to crystallise was not 
inhibited by the presence of vinyl =polymer, PPG 2025 and the 
hard segments (type and structure). This supports the claims 
that the rrorphology of one phase is generally independent of the 
strucrure and llOJ:Phology of the other phase. 
SEM EXPERIMENI'S 
i) The surface texture depends primarily on the starting raw 
materials forming the elastaners and their canposition, e.g. 
H12MDI diisocyanates and MOCA chain extenders gave smooth 
surfaces, whereas MDI and 1,4-BD produced rough and coarse 
surfaces. 
ii) The vinyl copolymer in the soft segment developed inclusions on 
the surface. These inclusions were seen to increase in size and 
number with the increase in the amount of dispersed vinyl 
=polymer in the soft segment. 
SWELLING EXPERIMENTS 
i) All the polyurethanes which are based on H12MDI/1,4-BD with 
block ratio of 1/2/1 were seen to have very weak solvent 
resistance and they disintegrated in cold toluene. The same 
polymers when chain extended with M:lCA exhibited a considerable 
resistance to dissolution in toluene. Also the higher block 
ratio H1zMDI/1,4-BD derived polyurethanes did not dissolve in 
toluene. 
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ii) 'Ihe swelling characteristics were found to increase by: 
a) In=rporation of vinyl copolytrer in the soft segments, also 
the ccmposi tion of the vinyl copolytrer was found to have a 
different effect on the polyurethane's solvent resistance. 
The 50:50 PSjACN vinyl copolymer based PU's produced a 
better solvent resistance than the 70:30 PSjACN vinyl 
copolytrer based polyurethanes. 
b) Using PPG 2025 or RP 1343 up to 20% with 80% Terathane 2000 
in the soft segment. 
c) Using catalyst in the formulation. 
d) Using excess arrount of diisocyanate. 
e) Using MD! diisocyanate instead of HlzMD! in the formulation. 
MEOlANIC!\L PROPERTIES EKPERIMENl'S 
'Ihe stress-strain experiments carried out have shown the ability to 
produce better mechanical properties for mixing two types of soft 
segments and are as follows: 
i) Mixing of RP1343 (incorporation of the vinyl copolymer prepared 
polymer) up to 40% with Terathane 2000, has boosted the 
mechanical properties irrespective of the type of diisocyanate 
or chain extender. The improvement in the mechanical properties 
was seen to be higher when 1,4-BD ~e MJCI\, except 
for the hardness values, where the MJCI\ based polyurethanes have 
higher values than the equivalent 1,4-BD based PU's. 
ii) Mixing PPG 2025 with Terathane 2000 in the ratio of 20: 80 has 
improved the mechanical properties in general over the all 
Terathane 2000 based polyurethanes. 
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~ 
Hi) Mixing PPG 2025 and Terathane 2000 in the ratio of 40:60 has 
improved the urs and the hardness very little, whereas mixing 
RP1343 and Terathane 2000 in the same ratio has irnproved the 
mechanical properties much better, and this is considered due to 
the presence of the vinyl copolymer particles which impart 
rigidity by acting as a reinfo=ing filler. 
The aliphatic H12MDI/l,4-BD series with 45B/722 and 45B/725 soft 
segments gave polyurethanes with elastic properties, but poor strength 
when uncatalysed synthesis was perfonned (sarrples 722-H-BD and 725-H-
BD). A considerable increase in strength and thermal resistance was 
obtained as evidenced by the DMrA when a catalyst was used, but due to 
the short pot lives, the ~ elastaners made in this series with 
catalyst were porous and hence the propertias quoted are not typical 
being those of porous sarrples. Undoubtedly the use of sane catalyst in 
the synthesis of these types of H12MDI based polyurethanes is 
essential and the quantity used is probably critically important if a 
good balance of both physical properties and a pot life of sufficient 
time to give porous free test sheet is to be required. 
The mechanical properties of the MDI/l,4-BD based systems were found 
to be superior to those for canparable H12MDI/l,4-BD based PU'S. most 
likely due to the incorporation of rigid aromatic structures. 
Introduction of chemical crosslinking by using excess of diisocyanate 
up to 20% was seen to increase the mechanical properties and 
relatively harder materials were produced. Using higher levels of 
excess diisocyanates led to the reverse trend in the mechanical 
properties with increase in the hardness values. 
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Lower CCtltpression set values were obtained in the synthesised PU's 
when higher block ratios were used, replacing the 1,4-BD chain 
extender by the corresponding MOCA, as well as using higher 
crosslinked polyurethanes (use of excess am::runt of diisocyanates). A 
selection of the experimental PU's prepared also subjected to flex 
cracking fatigue life to obtain a preliminary assessment of these 
properties. The results obtained were found to be encouraging with 
respect to the blends of soft segments. It was observed that the 
initiation and propagation of cracks increases with increasing block 
ratio. 
The highest rise in surface temperature due to the continuous flexing 
was detected with the highest block ratio used in this study i. e. 
block ratio of 1/4/3, and this is considered due to the generation of 
heat. The heat generated on the surface was greater when MJCA is used 
as a chain extender. It has also been found that the vinyl copolymer 
in the soft segment hindered the initiation of cracks at the surfaces, 
and the higher the concentration of the vinyl copolymer in the soft 
segment the better the crack resistance of the polymers. 
The rebound resilience experiments showed that the heat build up 
increases with increasing block ratio, using MJCA instead of 1,4-BD 
and using an excess am::runt of diisocyanates. 
It has been found that the tear strength property depends upon the 
chemical structure of the hard and soft segments, and can be improved 
either via the soft segment or via the hard segment. 
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The in=poration of the vinyl copolymer into the soft segrrent was 
seen to :improve the tear strength and this has been explained in tenns 
of those particles actin;J as a reinfo=ing filler. The hard segrrent 
can play a major role in enhancing the tear strength through a careful 
choice of the diisocyanate type. It has been observed that the 
Hl:tID1/1,4-BD hard segrrent produced better tear strength than the 
MDI/1,4-8O hard segrrent. This is considered due to the better phase 
segregation between the soft and hard cbnains exhibited by the fonner 
hard segments. Also the Hl:tID1/l,4-8O hard segrrents have a smaller 
particle size i.e. they possess larger surface area for the same 
volume fraction, which consequently will be rrore capable of retarding 
the cracks fron reaching collapse levels. This has been supported by 
the flex cracking experiments which si1cMed that the Hl:tIDI/l,4-BD has 
better flex cracking resistance than the MDI/l,4-BD derived 
polyurethanes. Using excess of diisocyanate improved the tear strength 
due to the developnent of chemically crosslinked sites. 
THERMlIL STABILITY 
The thermal resistance was detennined by various techniques, including 
heat ageing, colour fonnation and ti1errrogravimetric analysis. The heat 
ageing experiments were carried out at l100 C for various intervals in 
air. It has been observed that there is a oontinuous drop in the 
mechanical properties with increasing ageing time. The decrease in 
mechanical properties is more pronounced when the time of ageing 
increases. The structure of the chain extender has been observed to 
have a considerable effect on the retention of the mechanical 
properties during ageing. The M:JCA chain extender si1cMed a remarkable 
degree of thennal resistance over the 1,4-80. This is considered due 
to the additional hydrogen bonding in the urea groups. CCIllpoSi tional 
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changes resulting fron the ageing cycles is reflected by changing the 
colours of polyurethanes fron the original colour to a pale yellow in 
the early stage of ageing to yellow, brown and finally deep brcMn. 
~ 
This continuous change in colour is attributed to the lengthening· of 
~1 
~ conjugated double bonds fonned in the backbone of the polymer. 
The thermogravimetric analysis was fond to relate the thermal 
stability to the chemical structure. MDI based polyurethanes were 
found more stable than the H12MDI based polyurethanes at the early 
stages of decanposition. Furthermore MJC'A chain extended polyurethanes 
decanposed at higher temperatures than their equivalent l,4-BD chain 
extended polymers. It has been found that at fixed weight losses the 
vinyl copolymer containing polyurethanes decompose at lower 
temperatures than the vinyl copolymer free based polyurethanes. 
In the light of the previous conclusions, it is clear that excellent 
physical properties were obtained fron the blend of Terathane 2000 + 
PPG 2025 and Terathane 2000 + RP1343 in the ratio of 80:20 with both 
the aliphatic H12MDI and the aronatic MDI diisocyanates. At the 60:40 
ratio good mechanical properties fron the blend of Terathane 2000 + RP 
1343 with H12MDI and MDI diisocyanates were obtained, whereas for the 
Terathane 2000 + PPG 2025 ratio only the MDI series showed excellent 
properties, with the H12MDI series showing only very little 
improvement in the physical properties. This finding is very important 
industrially as previous researchers have considered Terathane 2000 
and PPG 2025 to be incompatible; also another advantage is the 
reduction in the soft segment cost as the PPG 2025 is much cheaper 
than Terathane 2000. Therefore blending of Terathane 2000 and PPG 2025 
or with RP 1343 =uld have two advantages. First obtaining better 
mechanical properties and secondly lowering the cost of the raw 
materials considerably. 
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AnJther llnportant finding was that using 1,4-80 with the blend of 
Terathane 2000 + PPG 2025 in the ratio of 80: 20 has produced 
polyurethanes with better physical properties than the equivalent 
polyurethanes in which MJCA was used. The advantage of this is to 
exclude the health hazards associated with the use of diamine chain 
extenders as they are suspected of being carcinogenic. The possibility 
has also been found of making good quality polyurethanes fron the 
polymer polyo1s of 45B/722 and 45B/725 which are based on 80% 
Terathane 2000 and 20% of the vinyl copolymer of polystyrene and 
polyacrylonitrl1e in the ratio of 70:30 and 50:50 respectively. A 
Terathane based polymer polyol with PPG 2025 was also sh:::Iwn to be 
practical, and to slightly enhance the original properties of the 
Terathane 2000 polymer polyol polyurethane elastaner. 
Improvement in the physical properties of these polyurethanes was also 
obtained when an excess of the stoich1anetric arrount of diisocyanates 
was used. This method of :improving the physical properties is rx:>t 
recannended due to the higher costs of diisocyanates. However it 
would be quite suitable to use higher levels of catalyst, and/or 
different types of catalyst to obtain a compromise between the 
properties required and the cost of the final polyurethane products. 
7.2 REX:X:M!ENDATIONS FOR FURI'HER OORK 
1. An investigation should be carried out of reaction oondi tions i. e 
varying the times, temperature and catalyst concentrations for the 
blends Terathane 2000 + PPG 2025 and Terathane 2000 + RP 1343 for 
the ratio 60:40 and 40:60 with both H12MDI/l,4-BD and MDI/l,4-BD 
as the hard segments. 
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2. It is further reccmnended that the above type of investigation be 
carried out for the Terathane 2000 based polymer polyol with an 
HlzMDI/l,4-BD system. 
3. It would be =rthwhile extending the =rk to TDIjMJCA and TDI/l,4-
BD based systems using the blends of Terathane 2000 + PPG 2025, 
Terathane 2000 + RP 1343 and the Terathane 2000 polymer polyols 
with different levels of catalyst. 
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